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ABSTRACT

Background: Detailed information on the temperature dependence of tissue thermophysical and
mechanical properties is pivotal for the optimal implementation of mathematical models and simula-
tion-based tools for the pre-planning of thermal ablation therapies. These models require in-depth
knowledge of the temperature sensitivity of these properties and other influential terms (e.g., blood
perfusion and metabolic heat) to maximize the treatment prediction outcome.

Methodology: A systematic literature review of experimental trials investigating thermophysical and
mechanical properties of biological media, as well as blood perfusion and metabolic heat, as a func-
tion of temperature in hyperthermic and ablative thermal range, was conducted up to June 2021.
Results: A total of 61 articles was selected, thus enabling a comprehensive overview of the tempera-
ture dependence of thermophysical properties (i.e. thermal conductivity, specific heat, volumetric heat
capacity, density, thermal diffusivity), and mechanical properties (shear, elastic, storage, loss and com-
plex moduli, loss factor, stiffness) along with the principal measurement techniques. The reviewed
studies considered different tissues, e.g., liver, fat, cartilage, brain, myocardium, muscle, bone, skin,
pancreas tissues, and also some tumorous tissues.

Conclusions: The thermophysical properties of soft tissues appear rather constant until 90°C, with
slight differences ascribable to tissues characteristics and measurement methods. Conversely, the infor-
mation on mechanical properties is heterogeneous because most of the articles investigated different
types of properties in different biological tissues. Furthermore, most of the experiments were con-
ducted ex vivo; only a small percentage concerned in vivo studies. Limited recent information about
the temperature dependence of metabolic heat and blood perfusion was observed.
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and Alzheimer’s disease, could cause a variation in the mech-
anical properties of the brain [2-4]. Moreover, in the field of
laser treatment for correction and reconstruction of cartilage,
Chao et al. underlined how important it is to know the evo-
lution of stress relaxation, to avoid the presence of residual
stresses that could affect the treatment effectiveness [5].

The assessment of the temperature dependence of ther-
mophysical and mechanical properties of biological tissues
has experienced a particular relevance in the biomedical
scenario [6,7]. Indeed, the study of these properties as a
function of temperature is pivotal for the optimal pre-pro-
cedural planning and execution of therapeutic approaches

1. Introduction

The characterization of the thermophysical and mechanical
behavior of biological tissues has always been playing a
prominent and broad-spectrum role in the field of biomed-
ical research. The in-depth investigation of the thermo-mech-
anical properties of biological structures can lead to the
development and optimization of new diagnostic and thera-
peutic paradigms for medical applications.

The knowledge of tissue characteristics could help in pre-
dicting the outcome of therapeutic treatments or monitoring
the evolution of a disease, relying on the intrinsic correlation

between the properties of biological media and the physio-
logical or pathological tissue state. For instance, Yeh et al.
studied, by means of compression and relaxation cycles, a
possible correlation between the elastic modulus of the liver
and the degree of fibrosis in hepatic tissue determined by
viral hepatitis type B or C, thus identifying a quadratic rela-
tionship between the elastic modulus and the stage of pro-
gression of the disease [1]. Recent studies have also shown
that various conditions or diseases, such as hydrocephalus

which entail a controlled tissue temperature variation.
Mathematical models are used to plan these temperature-
based therapies [8,9], and their developments require in-
depth and detailed knowledge of the behavior of biological
tissues as the temperature varies.

Over the last three decades, minimally invasive thermal
procedures have been widely investigated for manifold dis-
eases, e.g., benign and malignant neoplasms [10-18], hyper-
plasia [19], and atrial fibrillation [20]. On account of the
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latest technological advances and improvements in diagnos-
tic imaging, hyperthermic and ablative treatments have been
under the spotlight thanks to multiple advantages over con-
ventional techniques, i.e., shortened recovery times and
reduction of tissue trauma hence decreased incidence of
complications [21,22]. Furthermore, the possibility to find
new therapeutic methods for tumor removal also applicable
to non-surgical candidates (for instance, due to age-related
reasons or an advanced stage of the disease) has fostered
the research toward minimally invasive ablation techniques.
Radiofrequency ablation (RFA) [23,24], microwave ablation
(MWA) [25], high-intensity focused ultrasound (HIFU) [26] and
laser ablation (LA) [27,28] represent the principal hyperther-
mic ablation techniques [29]. Among these, RFA and MWA
are the most commonly used approaches in the clinical set-
ting [30].

Despite the numerous advantages related to thermal
therapies, there are still some margins of improvement for
optimizing the techniques. The principal limitations include
the risk to obtain a partial ablation of the tumor, the occur-
rence of relapses, and the possible overheating of the sur-
rounding healthy tissues, leading to side effects such as
severe pain and ulcers, up to excessive tissue carbonization
[31]. Hence, to prevent these risks, the research has focused
on different strategies such as thermometry approaches to
monitor and control the delivered thermal dose [32-40], the
application of nanomaterials to enhance the treatment
selectivity [41-44], and the implementation of reliable pre-
dictive mathematical and numerical models [45,46]. In par-
ticular, heat-transfer simulations are useful to study a priori
the temperature distribution and to quantify the thermal
effect of tissue involved in the treatment to effectively plan
the therapy [47,48]. In this context, the predictive tools for
thermal ablation procedures would benefit from accurate
information on thermophysical and mechanical properties of
biological media and other influential terms, such as blood
perfusion and metabolic heat, to solve the governing equa-
tions and foresee the procedure outcome.

Considering the temperature excursion of hyperthermic
and ablative treatments (i.e., 41°C up to >100°C [49]), the
analysis of temperature dependence of these properties is
fundamental for attaining the most reliable simulation of the
real scenario. In this context, we present a systematic litera-
ture review on the thermophysical and mechanical properties
of biological tissues, blood perfusion, and metabolic heat as
a function of temperature. After an insight on the effects of
temperature in biological tissues and the influential role of
the thermo-mechanical properties on thermal ablation appli-
cations, we review and discuss the temperature dependence
of thermophysical and mechanical properties, as well as
blood perfusion and metabolic heat, of different organs and
tissues, along with the principal investigation methods and
measurement techniques. This is to provide a comprehensive
overview of these properties of biological media in relation
to temperature in the hyperthermic and ablative range and
worthwhile information on the current and future perspec-
tives of this topic.

2. Relevance of temperature-dependent
thermophysical and mechanical properties on
thermal therapies

Regardless of the energy delivery modality, all thermal ther-
apy approaches are characterized by a temperature variation
from the physiological condition. This change entails differ-
ent effects on the exposed biological media, which impact
the sub-cellular, cellular, and tissue levels [50,51].
Incrementing the tissue temperature up to 41°C may cause
an increase in blood flow and ion diffusion across cell mem-
branes [52]. Temperature ranging from 41°C up to 45-48°C,
i.e, in the so-called hyperthermia temperature interval, can
lead to an increment in the cells’ sensitivity to injury [53-55],
unfolding and aggregation of proteins, inhibition of the
repair of DNA damage [56]. The time needed to attain an
irreversible cell injury at hyperthermic temperatures is typic-
ally from 30 min up to one hour [57]. At higher thermal inter-
vals (temperatures of 48-60°C), severe protein denaturation
befalls [52], and the required exposure time to attain irrecov-
erable thermal damage is a few seconds. Moreover, for tem-
peratures exceeding 60°C, coagulative necrosis occurs due
to nearly instantaneous protein denaturation [57]. Besides, at
higher temperatures, several changes involving drying,
vaporization, and carbonization (150°C) of tissues can be
observed [58,59].

As noted, heat transfer in biological media is affected by
manifold mechanisms, especially in in vivo conditions, involv-
ing the heat generation due to the metabolism, blood perfu-
sion, heat conduction and convection, water evaporation,
and phase change [31,59]. In this complex phenomenon, the
thermal distribution within tissue is affected by its thermo-
physical properties which determine its capability to conduct,
convey, retain, and release thermal energy [60]. One of the
most recognized models to spatiotemporally describe the
temperature distribution in tissues refers to the so-called bio-
heat equation, introduced by Pennes in 1948 and reported
in (1) [61]:

orT
PC& = V(kVT) + (Dbcb(Ta_T) + Qmet + Gext (1)

where p represents the tissue density, ¢ is the specific heat
of the tissue, i.e, the amount of heat required to increase
the temperature of tissue by 1°C per unit of mass; T is the
transient temperature, t is the time, k refers to the thermal
conductivity which describes the tissue capability to conduct
heat, and it is related to the tissue density and specific heat
by means of the thermal diffusivity « = k/(pc) [62,63]; thus, a
quantifies the ability of a tissue to conduct heat with respect
to its capability to retain thermal energy. w, is the mass flow
rate of blood per unit volume, ¢, represents the specific heat
of the blood T, is the temperature of the arterial blood,
while wucp(T, = T) is the blood perfusion term. g,.: concerns
the metabolic heat generated per volume unit of tissue and
Jex: represents the external heat source, which is related to
the thermal treatment modality.

Although the proposed equation neglects some important
aspects as the possible effects of changing tissue water con-
tent upon overheating [64] and simplifies the blood flow



contribution to a scalar and local term [59], this model
underlies most of the formulations of predictive mathemat-
ical approaches, which are crucial for the optimization of
heat therapies and their effectiveness [48,65-67]. Moreover,
several modifications and improvements have been pro-
posed toward the development of realistic and clinically
usable predictive tools [48,68-70].

A common necessity to enhance the prediction capability
and accuracy of these approaches is the proper characteriza-
tion of the biophysical properties, thus the consideration of
the temperature dependence of the influential terms. The
strong impact of the input properties on the treatment plan-
ning model outcomes for thermal therapies has been wit-
nessed by several investigations [71-77]. For instance,
Lopresto et al. implemented a simulation model of MWA,
considering the temperature-dependent dielectric and ther-
mal properties of tissue; the results showed the especially
relevant influence of specific heat of tissue on the attained
coagulation zone [72]. Furthermore, concerning RFA, dos
Santos et al. developed a probabilistic finite element
approach of hepatic tissue ablation and observed that blood
perfusion and thermal conductivity predominantly affected
the coagulation zone dimensions [73].

From an experimental point of view, the temperature
influence on thermophysical properties has been assessed by
several studies. In the following sections, the state-of-art on
these temperature-dependent quantities (i.e., tissue thermal
conductivity, specific heat, volumetric heat capacity, density,
and thermal diffusivity) will be presented and discussed.

Furthermore, a section will be dedicated to the tempera-
ture dependence of metabolic heat and blood perfusion
since their significant roles during ablation procedures [78].
In particular, the presence of large-caliber blood vessels
around the ablation zone has shown a non-negligible effect
on the temperature distribution in the tissue [79]. In fact,
vessels with a diameter greater than 500 pm may determine
a heat-sink effect thus a decrease in the effectiveness of the
heat treatment [80]. The convective heat dissipation role of
vascularity has been investigated during RFA [81,82], MWA
[83], and LA [84]. Moreover, the relevance of accounting for
the temperature dependence of blood perfusion during ther-
mal treatments has been assessed also by predictive mod-
els [85-93].

The investigation of the mechanical behavior of biological
media subjected to the temperature gradient is also a crucial
factor for improving the efficiency of thermal procedures. In
hyperthermic and ablative treatments, tissues can undergo
structural and mechanical changes due to different ther-
mally-induced processes, e.g., protein denaturation, dehydra-
tion, shrinkage, and mechanical stiffening [94-97]. Hence
mechanical properties may be deeply affected by the rate of
temperature rise and the overall heat distribution [98].
Thermally-induced deformations have been observed in both
ex vivo experimental investigations [95,99,100] and clinical
trials [101-103]. Several studies have shown tissue contrac-
tions and expansions during RFA [101,104,105] and MWA
[97,99,100,102,103,106-108], on different tissues such as liver,
lung, kidney, assessing, for instance, contractions up to 70%
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in case of hepatic tissue [95,99,100,109]. Tissue shrinkage has
also been reported after focal LA [110], and variations of tis-
sue stiffness have been documented in HIFU [111]. In fact,
the stiffness associated with lesions induced by thermal
therapies is typically higher compared to the one of
untreated tissue [96,112-114]. Despite the necessity to
account for mechanical effects during thermal techniques,
the consideration of these phenomena in predictive models
is relatively recent [48,115,116]. For instance, recent studies
have proposed the thermomechanical modeling of LA [71]
and the coupling of thermo-electro-mechanical models for
RFA and MWA [117].

Mathematical frameworks have employed the thermoelas-
tic wave equation and stress-strain equation to describe the
mechanical behavior during thermal treatments [71,117-120].
For an isotropic, homogenous, and linear elastic material,
the thermoelastic wave equation can be defined as reported
in (2):

o%u

being p the density, t the time, u denotes the mechanical
displacement vector, o;; represents the stress tensor, and f is
the force density vector.

By expressing the stress tensor component, defined by
the stress-strain equation, modified to account also for the
protein denaturation and the thermal expansion effects
[117,119], the thermoelastic wave equation can therefore be
expressed as:

d%u 5 E
(3)
where G is the shear modulus defined as G = =-£—, E is the

2(1+v) !
Young’'s modulus, v is the Poisson’s ratio, « represents the

volumetric thermal expansion, T is the temperature, f is the
coefficient of volumetric protein denaturation shrinkage and
¢ refers to the relative shrinkage.

Considering the complexity of the phenomenon, detailed
information of the biomechanical behavior of tissue as tem-
perature varies and the inclusion of mechanical changes in
predictive models are imperative for avoiding the underesti-
mation or overestimation of the treated tissue area [117,119],
and for the appropriate thermal damage prediction.

In the following, the temperature sensitivity of tissue
mechanical properties will be overviewed with a specific
focus on the temperature dependence of the shear modulus
(longitudinal and transversal), Young’'s modulus, storage
modulus, loss modulus, complex modulus, loss factor, and
stiffness.

3. Methodology

A systematic literature review was conducted on PubMed
and Scopus (up to June 2021) in order to identify relevant
experimental studies investigating thermophysical and mech-
anical properties of biological tissues, as well as blood perfu-
sion and metabolic heat, as a function of temperature, with
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Table 1. Key-words for query construction, divided by areas of interest.

Biological tissues

tissue OR ‘soft tissue’ OR liver OR muscle OR kidney OR lung OR pancreas OR skin OR dermis OR epidermis

OR brain OR blood OR spleen OR heart OR myocardium OR breast OR uterus OR prostate OR ‘biliary
ducts’ OR vein OR artery OR fat OR cartilage OR ligaments OR bones OR tumor OR carcinoma OR fibrotic

OR sarcoma
Temperature dependence
Thermophysical properties

temperature-dependent OR ‘temperature dependence’
‘thermal properties’ OR ‘thermal conductivity’ OR ‘thermal diffusivity’ OR ‘heat capacity’ OR ‘convective heat

transfer coefficient’ OR density

Mechanical properties
Blood perfusion and metabolic heat

‘mechanical properties’ OR ‘Elastic modulus’ OR ‘Young’s modulus’ OR ‘shear modulus’
‘Blood perfusion rate’ OR perfusion OR ‘blood perfusion’ OR ‘metabolic heat’

a specific focus on the hyperthermic and ablative tempera-
ture range. With the aim of collecting the most pertinent
articles, we identified keywords and divided them into five
areas of interest: biological tissues, temperature dependence,
thermophysical properties, mechanical properties, and blood
perfusion and metabolic heat. The keywords chosen for each
of the five areas of interest are shown in Table 1.

3.1. Organization of the material: inclusion-exclusion
criteria and categorization of articles

Four authors conducted the systematic research. Letters-to-
the-editor, abstracts, expert opinions, reviews, and non-
English language manuscripts were not included in the sys-
tematic research. A total of 2447 articles was collected, of
which 1727 were selected using the query on Scopus and 720
on PubMed. Following the elimination of duplicates (576), the
remaining articles (1871) were divided up among six inde-
pendent reviewers who performed a categorization by read-
ing their title and abstract. Articles whose relevance to the
present work was not clear from reading only the title and
abstract were read in their entirety to determine their possible
inclusion. The subdivision into the seven categories was as
follows:

e Category 0: articles excluded because they were not
inherent to the purpose of our project. Among these,
most did not characterize biological tissues, but rather
analyzed the behavior of cells and/or chemical mediators
or other non-biological materials, others did not analyze
the temperature dependence of the properties, others still
dealt with the implementation of a mathematical model.

e Category 1: articles dealing with thermophysical
properties

e Category 2: articles dealing with mechanical properties

e Category 3: articles dealing with blood perfusion and
metabolic heat
Category 4: articles used as an in-depth study
Category 5: articles excluded because not in the English
language

e Category 6: articles excluded because we could not find
their full text

In particular, the in-depth articles contained in category 4
allowed us to acquire further knowledge and details about
how heat therapies are performed, and to attain background
information concerning the different aspects of thermal
therapies.

We, therefore, excluded a total of 1821 records, since
1780 papers were considered as non-inherent to the present
work (Category 0), 27 records were not in English language
(Category 5), and 14 did not possess full text availability
(Category 6). Hence, 50 records were identified.

To prevent the exclusion of other relevant articles to the
results of our systematic research, we also reviewed the bibli-
ography and onward citing papers, and thus included the
pertinent works (i.e., 11 records).

We then divided the attained 61 articles into four catego-
ries: three of them cover the macro-areas of interest and
include 16 articles for thermophysical properties (Category
1), 12 articles for mechanical properties (Category 2), and 12
articles for blood perfusion and metabolic heat (Category 3);
the fourth category includes 21 articles that we used as in-
depth analysis (Category 4).

For each of the first three categories (i.e., Categories 1, 2,
and 3), the papers were divided up between two independ-
ent reviewers who performed an analysis to extract the rele-
vant information. Concerning the records of Category 4,
papers were divided up among six independent reviewers in
order to be analyzed.

The data concerning the thermophysical properties, mech-
anical properties, and blood perfusion as a function of tem-
perature were obtained from the literature papers; when not
directly reported in the manuscript text or tables, the data
were extracted from the graphics displayed in the papers
(Figure 1).

4. Techniques for the measurement of thermal and
mechanical properties

In the following sections, various experimental techniques for
the evaluation of thermal and mechanical properties of bio-
logical tissues as a function of temperature will be presented
along with the underlying basic working principles. Concerning
the thermal properties, the dual-needle technique, the self-
heated thermistor method, and differential scanning calorim-
etry analysis will be described; as far as regards mechanical
properties a focus will be dedicated to rheology, dynamic
mechanical analysis, and shear wave elastography.

4.1. Thermal properties measurement techniques

4.1.1. Dual-needle technique

The dual-needle technique is an experimental measurement
method that allows for the quantification of thermal con-
ductivity, thermal diffusivity, and volumetric heat capacity of
biological tissues as temperature changes (Table 2). A typical
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Figure 1. Flow chart of the present systematic literature search.

Table 2. Overview of the material thermal properties and relevant information which can be obtained through the dual-needle technique, self-heated thermistor

technique, and differential scanning calorimetry.

Thermal property and information obtainable with the measurement technique

Thermal
conductivity

Specific heat
capacity

Dual-needle X
technique
Self-heated X
thermistor
technique
Differential scanning X
calorimetry

Measurement
technique

Volumetric heat Thermal Thermal Estimation of the
capacity diffusivity transition enthalpy
temperatures related to a
of materials specific
and thermal process
stability
X X
X
X X

experimental setup may include a thermal bath, the tissue
sample, temperature monitoring sensors, the dual-needle
probe, and the thermal properties analyzer (Figure 2(a)). The
thermal bath is utilized to impose controlled temperature
values throughout the measurements (typical temperatures
range from room temperature to 95-100°C, however, in the
study by Lopresto et al. temperatures up to 113 °C were con-
sidered [125]). The tissue specimen is placed in a galvanized
container thus avoiding a direct interaction between the
sample and the water in the thermal bath, without impeding
the passage of heat. Fiber optic sensors [62,126] or thermo-
couples [125,127] are employed to monitor the temperature
in the tissue during the experiment.

A probe with two parallel needles (i.e., dual-needle probe)
is used both to provide heat and measure the temperature
in the tissue, once it is inserted in the prepared tissue sam-
ple. Thus, the basic principle of the dual-needle technique
involves the imposition of a current to the first needle for a
determined time (t), hence providing a certain heat g to the
specimen, and the measurement of the attained tissue

temperature variations, exerted by the second needle with
temperature sensing capabilities. Considering as reference
temperature the one measured when the heating phase ini-
tiates, the temperature rise AT can be obtained. The thermal
properties analyzer, to which the two-needle probe is con-
nected, is employed to measure the properties of interest.

Following the measurements, the values of thermal con-
ductivity (k) and diffusivity () are calculated by the method
of least squares in order to minimize the quadratic errors
with respect to the temperatures attained by the theoretical
model [62,126]:

)
AT — {i] £ [;]
4ntk 4ot

s [\ elerte] -#laal}

in (4) and (5), E; represents the exponential integral, whose
approximation is given by polynomial functions [128], while r
refers to the distance between the two needles of the probe,

t<ty 4)

t>ty (5)
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a) Dual-needle technique
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Figure 2. Techniques used for measuring thermal properties of biological tissues as temperature varies: setup and equipment. (a) Setup used to measure thermal
properties with the dual-needle technique (top left); image of the galvanized container, employed to hold the tissue specimen and placed in the thermal bath, and
of the utilized sensors, i.e., dual-needle sensor connected to the thermal properties analyzer and fiber optic sensors, housed in a needle, for temperature monitor-
ing (top right) [62]. The heating needle of the instrument heats the tissue for t,=30s, and the monitoring needle measures the resulting tissue temperature for
90s. The initial temperature T;, is then subtracted to the readings to obtain the AT to be used in Equations (4) and (5) (bottom left). Thus, the thermal diffusivity,
volumetric heat capacity, thermal conductivity, and the estimated error (i.e,, S,,) can be obtained for the specific tissue temperature (bottom right). (b) lllustration
of the thermistor probe utilized for the measurement of thermal properties with the self-heated thermistor technique [121]. Below, the graph taken from
Bhavaraju and Valvano (Reprinted by permission from Springer Nature Customer Service Center GmbH: Springer, International Journal of Thermophysics, [122],
Copyright 2021) shows the trend of the applied thermistor power over the resulting temperature rise as a function of t~"/2. The linear regression is employed to
calculate the steady-state and transient terms. Two materials of known thermal properties are employed (e.g., agar-gelled water and glycerol) for the thermistor
probe calibration. (c) Differential scanning calorimetry (DSC) systems: power compensation DSC (top left) and heat-flux DSC (top right), ‘R’ and ‘S’ represent the ref-
erence pan and the sample pan, respectively (figure modified from [123]). Below, example of DSC thermographs (heat flow versus temperature) attained with a dif-
ferential scanning heat-flux calorimeter (bottom left) and resultant trend of specific heat capacity of biological tissues versus temperature (bottom right). Reprinted
by permission from Springer Nature Customer Service Center GmbH: Springer Nature, Biophysics, [124], Copyright 2021. Through the measurement of the heat flux
with the empty crucible pan, the crucible with reference material (with known mass and specific heat), and the crucible with the tissue sample under analysis, it is
possible to calculate the specific heat capacity of the tissue sample, knowing the sample mass. The trends marked with 1 and 2 refer to the measurement on the
wall of Baker's cyst tissue and adipose tissue surrounding the cyst; 1" and 2’ refer to the same samples undergoing reheating.

and t is the time. Furthermore, the volumetric heat capacity result, it is possible to study the presence of irreversible

(c,) is calculated as ¢, = k/a [62].

The dual-needle technique has been employed also to
study the thermal properties of interest during cooling proc-
esses [126,127]. Indeed, following the heating process, it is
sufficient to let the thermal bath cool naturally and perform
subsequent measurements as temperature subsides. As a

effects on the thermal properties in tissue (as reported by
Guntur et al. in porcine liver [127]), determined by high tem-
peratures also leading to variations of tissue state, or, con-
versely, certain reversibility of the variations in thermal
properties, as observed by Silva et al. in ovine liver and kid-
ney tissue [126,129].



4.1.2. Self-heated thermistor technique

The self-heated thermistor technique is an experimental
measurement technique used to determine, in biological tis-
sues, thermal conductivity, and diffusivity as a function of
temperature (Table 2).

The technique typically involves the use of a thermal bath
to impose temperatures of interest on a sample of the bio-
logical tissue under investigation; a protective container in
which tissue sample is located before immersing it in a ther-
mal bath; the use of a probe equipped with a single thermis-
tor, which performs a dual function: measuring the tissue
temperature and providing thermal power q(t) to the tissue
of interest [121].

In particular, the probe consists of spherical thermistors
covered by a glass capsule, i.e., an insulator (Figure 2(b)). To
perform the measurements, the probe is then placed inside
the biological tissue.

The thermal properties measurement mechanism is
based on the imposition of a certain g(t), and its regulation
in order to keep the temperature of the thermistor (i.e., T,
stable [121]:

1
t) = Psteady—state + Prransient —= ©)
q( ) sready state transient \/f

being Psteaqy state the steady-state power, whereas Pyapgient
represents the transient component, and t is the time. The
values of tissue thermal conductivity k and thermal diffusivity
o can be obtained by resolving the thermal model which
describes the thermal interaction between the probe and the
tissue [130,1311:
1
k =
GAT/Psteady—srate +b
I 2
o = (8)
Ptransiem‘/'l:>sl‘z1ec1y—sl‘zzl‘e(‘I =+ dk)

7)

in which AT corresponds to the temperature change meas-
ured by the thermistor probe as the difference between T,
and the temperature of tissue at equilibrium before supply-
ing the electrical power, while g, b, ¢, and d represent coeffi-
cients of calibration depending on the thermistor thermal
properties and geometrical characteristics.

The properties measured by the thermistor probe are
assumed to describe the average properties of a certain tis-
sue volume surrounding the probe itself (e.g., ~1 cm? [121)).

4.1.3. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is a widely utilized
method of thermodynamic analysis, allowing for the investi-
gation of thermal properties of materials, including the
measure of specific heat capacity of tissues (Table 2). In par-
ticular, in DSC, the temperature-dependent variation of phys-
ical and energetic material properties is monitored versus
temperature and time [132,133]. DSC instruments typically
consist of a single or a double furnace, two crucibles, one
containing the specimen of the material under evaluation,
whereas the other one is left empty and serves as a refer-
ence, and thermocouple sensors for temperature monitoring
[132]. Two DSC configurations can be identified on the basis
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of the operating mode, i.e., power compensation and heat-
flux DSC [132,134] (Figure 2(c)). In the first DCS instrumenta-
tion, one furnace contains the crucible with the sample,
while a second furnace encloses the reference pan. The tem-
peratures of the specimen and reference are kept at the
same value by changing the energy provided to the speci-
men and the one supplied to the reference. Hence this dif-
ferential power is monitored versus sample temperature and
time. Conversely, a single furnace is employed in the so-
called heat-flux DSC. Within the furnace, a thermo-electric
disk is utilized to transfer the heat to the specimen-contain-
ing and the reference crucibles [133]. The differential tem-
perature between the sample under test and the reference,
i.e., AT, and the heat flux of the specimen g are characterized
by a direct proportionality relationship according to the ther-
mal equivalent Ohm’s law (9):

AT
"R

in which R is the thermo-electric disk resistance [135]. The
different temperatures of the reference and the specimen
under analysis are ascribable to the heat capacity of the sam-
ple material. Advantageous features of DCS techniques refer
to the relatively reduced times and specimen dimensions
required for heat capacity measurements [123,136].

9

4.2. Mechanical properties measurement techniques

4.2.1. Dynamic mechanical analysis

Dynamic Mechanical Analysis (DMA) is a commonly
employed experimental technique for the measurement of
the viscoelastic behavior of diverse typologies of materials in
relation to time, frequency, and temperature, under applica-
tion of oscillating loads [137,138] (Figure 3(a)). Typically, in
DMA systems, the sample is held in position and fixed
between two arms or plates, or through clamps, and subse-
quently enclosed in the thermal chamber. A sinusoidal axial
or torsional oscillatory force is applied to the specimen by
means of a motor and a driveshaft [137,138]. The induced
deformation is monitored using an inductive displacement
transducer (LVTD). Strain and stress are in phase in the case
of elastic material behavior, whilst the material viscosity is
related to the lag in phase between the imposed stress and
the resulting strain [142,143]. Two widely employed DMA
systems concern forced resonance and free resonance ana-
lyzers [137,144]. In forced resonance analyzers a particular
oscillation frequency is imposed to the material of interest
and temperature is varied in a set range, while in the free
resonance mode, the occurring free oscillations associated
with material damping are monitored [137]. DMA allows for
the measurement of various mechanical properties [145]. For
instance, in oscillatory tensile or compressive tests, consider-
ing the stress a(t) and the resulting strain &(t):

o(t) = o - sin (ot + )
g(t) = g - sin (wt)

(10)
(1)

being oy the stress amplitude, g, the strain amplitude, o
oscillation frequency, t the time and ¢ the phase angle,
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Figure 3. Principal measurement techniques employed for characterizing the mechanical behavior of biological tissues: setup and instrumentation. (a) System
(Endura TEC ELF 3220) used for dynamical mechanical analysis tests on liver tissue (left); close-up on the acrylic platens, the tissue specimen, the loading cell, and
the mover of the system used for the measurement of the viscoelastic properties (right). Reprinted from [139], Copyright 2021, with permission from Elsevier. (b)
Picture of the tissue specimen prepared for shear rheology tests, positioned between the upper and the lower plate of the parallel-plate system (a), sketch of the
parallel-plate rheometer and the tissue (b): ‘H’ and ‘R’ represent the tissue specimen height and the plate radius, respectively. Reprinted from [140], Copyright
2021, with permission from 10S Press. (c) Setup employed to perform share wave elastography measurements on ex vivo porcine brain tissues. Reprinted from

[141], Copyright 2021, with permission from Elsevier.

different parameters can be obtained such as storage modu-
lus E, loss modulus E”, complex modulus E*, and the loss
factor tand (i.e, the tangent to phase angle) expressed as
the ratio between the loss modulus and the storage modulus
(Table 3) [142]. Different test modalities are available, e.g.,
dynamic tests (including frequency, strain, or time sweep,
temperature ramp) and transient mode analyses. The possi-
bility to characterize a broad range of materials under mul-
tiple conditions, and the commercial availability of the
instruments, have fostered the application of DMA, also for
the analysis of the mechanical behavior of biological materi-
als as a function of temperature.

4.2.2. Shear rheology
The rheological characterization of materials allows for the
investigation of their deformation and flow under specific

conditions [146,147]. Different experimental modalities exist,
including flow, transient, and oscillatory analysis. As many
materials exhibit a complex mechanical behavior that cannot
be identified as purely elastic or viscous, since it is affected
by both contributions (i.e., viscoelastic behavior), rheological
evaluations are performed to measure the solid-like and vis-
cous-like properties. Oscillatory tests are largely employed to
investigate the characteristic of the viscoelastic material
[148], and consist of the application of a sinusoidal shear
strain y(t) at a specific oscillation frequency, ®, as expressed

in (12) [149]:
Y(t) = vo - sin (wt) (12)

and the monitoring of the subsequent time-dependent
stress t(t):

T(t) = 10 - sin (ot + J) (13)
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Table 3. Overview of the principal material parameters which can be obtained through classic stress-strain tests, dynamic oscillatory tests, and shear wave

elastography.

Parameters that can be obtained through classic stress-strain tests
(tension or compression)

Young's modulus

E (ratio between the uniaxial stress and the elastic deformation identified in the linear elastic region of the

curve describing the stress-strain relationship)

Parameters that can be obtained through dynamic oscillatory tests

Oscillatory tensile and compressive tests

Oscillatory shear tests

Storage modulus E'=2cosd

Loss modulus E' = %gsin )
Complex modulus

Loss factor tand =E£"/F

Parameters that can be obtained through shear wave elastography

Shear modulus

E* =2 (cosd+isind) = E +iE"
20

G :%cosé

G” :%sinS

G" =3 (cosd +isind) =G +iG"
tand =G"/G

G= pcsz

being v, the strain amplitude, 1o the stress amplitude, t the
time, and & the phase angle [150].

In the case of an ideal elastic solid material behavior, the
resulting stress is in-phase with the applied shear deformation,
the ratio between stress and strain represents the shear modu-
lus. Conversely, for purely viscous material, there is a phase
shift (5) equal to 90° between the imposed strain and the
resulting stress, moreover, the attained stress is proportional to
the shear rate by a proportionality factor which is the viscosity.
Viscoelastic materials are characterized by a phase lag between
the applied strain and the obtained stress, hence 0°< § < 90°.
Oscillatory shear rheology permits to measure the storage
modulus G" which refers to the elastic and reversible response
of the material, the loss modulus G”, related to the irreversible
remodeling and energy dissipation, the complex shear modulus
G*, and the loss factor tand (which is the ratio between the
loss modulus and the storage modulus, Table 3). Different con-
figurations exist, e.g., concentric cylinders, a plate and a cone,
or two parallel plates [151]. In this last configuration, for
instance, a plate remains fixed whilst the other one possesses
the capability to rotate, thus applying a shear strain to the spe-
cimen under study (Figure 3(b)). Furthermore, various test
modes can be set, namely temperature ramp, and time, fre-
quency, or strain/stress sweep.

4.2.3. Shear wave elastography

The method of shear wave elastography allows to nondes-
tructively measure the elastic properties of diverse biological
media and their variation, hence it represents a valuable tool
for diagnostic purposes and to investigate the temperature
dependence of mechanical properties. The basic principle of
operation involves both the mechanical stimulation (produc-
tion of share waves) and the attainment of real-time medical
images of the tissue under analysis in order to monitor the
share wave propagation. Through the assessment of the vel-
ocity of shear waves, the values of mechanical properties can
be obtained. Particularly, in case of quasi-plane waves gener-
ation, the medium shear modulus G is related to the shear

wave velocity ¢, according to the following expression:
G = pci? (14)

being p the tissue density [152].

An experimental setup to perform shear wave elastography
measurements is depicted in Figure 3(c) and refers to the
study conducted by Liu et al. [141] on porcine brain tissues.
Particularly, as it can be observed, two samples of porcine
brain were utilized for each experiment: one was employed to
perform shear wave velocity measurements in six regions of
interest and the other one was used to monitor the tempera-
ture change in the tissue. A thermometer consisting of four
thermocouples was used to measure temperature: two of
which (T,, T3) were inserted into one of the two brain sam-
ples, the other two (T;, T4) were immersed in the physiological
saline solution in which the two tissue samples were located.
A heating platform provided the necessary heat to increase
the temperature of the physiological saline, thereby incre-
menting the brain temperature. An ultrasound scanner was
used, exploiting the supersonic shear imaging technique [153],
shear waves were generated by an ultrasound probe in the
brain tissue, and their propagation was traced; based on the
monitoring of the velocity of the shear wave, information con-
cerning the tissue shear modulus was attained.

5. Thermophysical properties of biological tissues
as a function of temperature

Through thermophysical properties, it is possible to charac-
terize the behavior of a material (tissue, in our case) when it
is subjected to a change in temperature or given thermal
energy (a widely used and referenced database in thermal
properties studies can be consulted online: https://itis.swiss/
virtual-population/tissue-properties/database/).

Concerning the variation of thermophysical properties
with temperature, the majority of the literature studies have
investigated the temperature dependence of these proper-
ties in ex vivo biological tissues, including liver, bone, myo-
cardium, cartilage, brain, lung, spleen, kidney, pancreas, and
tumorous tissues. The main results of the analysis on thermo-
physical properties are reported in Table 4.

5.1. Thermal conductivity

Thermal conductivity, expressed in W/(m-K), measures the
ability of a material to conduct heat.


https://itis.swiss/virtual-population/tissue-properties/database/
https://itis.swiss/virtual-population/tissue-properties/database/
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One of the earliest studies available in the literature dates
back to 1985 when Valvano et al. measured the thermal
properties of different healthy tissues, i.e., liver, heart, brain,
lung, spleen, kidney, pancreas, and tumorous tissues, i.e.,
human adenocarcinoma of the breast and colon cancer
[121]. In this comprehensive study, which involved the
utilization of 65 tissue samples for the measurements, self-
heated thermistor probes were employed to assess the ther-
mal properties in canine, porcine, human and rabbit tissues,
at different temperatures (3°C, 10°C, 17°C, 23°C, 30°C,
37°C, and 45°C). Besides, a liner fitting was used to repre-
sent the thermal properties variation with temperature and
compare to that of water. This linear regression did not
include the thermal properties of fat, cancer, and lung, since
these tissues displayed significantly different values com-
pared to the other investigated tissues. Within the consid-
ered temperature range, the temperature dependence of
thermal conductivity of tissues resulted comparable with the
one of water. Nonetheless, lower values were registered for
thermal conductivity of tissues with respect to water.
Moreover, substantial inter-tissue, inter- and intra-species var-
iations in thermal conductivity were observed.

In 1986, Zelenov studied the trend of thermal conductivity
of compact bone tissue harvested from a human femur, in
the temperature range between 21°C and 95°C [154].

The experimental setup included copper cylinders to con-
tain the tissue, heating platforms to provide thermal energy,
water to impose the desired temperature, and a differential
thermocouple to measure temperature changes in the tissue.
As observable from the results shown in Table 4, the thermal
conductivity values in the radial and tangential directions
resulted similar to each other, while the values in the axial
direction were higher than the previous ones. For this char-
acteristic behavior, the compact bone tissue can be typically
defined as transversely isotropic. Furthermore, despite the
partial anisotropy, an increasing trend was observed in all
the directions until ~37°C, followed by a linear decrease.

By employing the same technique introduced by Valvano
et al. in 1985 [121], based on the use of a self-heated ther-
mistor, the temperature sensitivity of the thermal conductiv-
ity of different tissues (such as trabecular bone, myocardium,
and cartilage) has been assessed.

Fajardo et al. analyzed trabecular bovine bone tissue
between 37°C and 57°C [155]. The resulting trend of ther-
mal conductivity, reported in Figure 4(a), was slightly increas-
ing with temperature. Bhavaraju et al. investigated the
thermal conductivity of ex vivo porcine myocardium between
25°C and 76°C [122]. The results showed a slightly increas-
ing trend up to 37°C; at this temperature, the thermal con-
ductivity reached a value of 0.531W/(m-K), and then
decreased as the temperature rose, assuming a value of
0.476 W/(m-K) at 76 °C.

Youn et al. analyzed the thermal conductivity of the cartil-
age of porcine nasal septum [160]: the measurements were
performed at under ex vivo conditions at 27°C, 37°C, and
50°C, showing an increasing trend with temperature
(Figure 4(a)).

Regarding the hepatic tissue, several studies have been
performed both in human samples and in biological tissues
of animals of different species.

Lopresto et al. opted for a technique based on the com-
bined use of a thermal bath and a dual-needle thermistor,
whose function was both to provide heat to the tissue and
to measure its thermophysical properties [125]. By adopting
this approach, they investigated the thermal conductivity in
ex vivo bovine liver tissue samples over a temperature range
from 21°C to 113°C, excluding the measurements between
99°C and 101°C. The values corresponding to the men-
tioned temperatures were discarded due to excessive error
increment in the measurement, probably related to the
change in the state of the water contained in the tissue. The
observed trend (Figure 4(b)) was almost constant and
remained in the range of 0.48-0.58 W/(m-K) up to 90 °C, after
this temperature there was a rapid growth that culminated
at 99°C with a value of 2.25W/(m-K). From 101°C up to
113°C, on the other hand, a decreasing trend was recorded,
leading to values lower than the starting ones. In fact, at
~113°C the measured thermal conductivity was
0.19 W/(m-K).

The same measurement technique was used by Guntur
et al. to study the thermal conductivity of ex vivo porcine
liver [127]. The temperature range under analysis included
values from 20°C up to 90°C, in which the trend of the ther-
mal conductivity could be described by an asymmetric quasi-
parabolic curve with upward concavity, showing a minimum
of 0.520 W/(m-K) at around 35 °C. Subsequently, they studied
any changes in thermal conductivity during natural cooling,
up to 20°C. As shown in Table 4, the thermal conductivity
value remained approximately constant from the last value
recorded at 90°C, denoting an irreversible change induced
by tissue heating.

In a further study, Silva et al., utilizing the same measure-
ment technique, investigated the thermal conductivity in ex
vivo ovine liver, in a temperature range from 25°C to 97°C
[126]. From Figure 4(b) it is possible to observe a value vary-
ing within 0.46-0.56 W/(m-K) up to 90°C; beyond this tem-
perature, exponential growth of thermal conductivity was
assessed, recording a value of 1.08 W/(m-K) at ~97 °C.

Silva et al. also performed the measurement of thermal
properties during cooling cycles from 90°C to 95°C to body
temperature, i.e., 37 °C (Figure 4(b)). The thermal conductivity
trend over temperature showed values higher than basal
thermal conductivity for temperatures >90°C and the
absence of hysteresis. Moreover, temperatures >85°C led to
higher estimated errors in the thermal property measure-
ment. Differently from the findings reported by Guntur et al.
in porcine hepatic tissue [127], the thermal conductivity of
ovine liver samples returned to its baseline values upon nat-
ural cooling. Hence, the results suggested that, as long as
total evaporation of tissue water is not reached (<100°C),
the variations in thermal properties due to heat can be
recoverable. As before mentioned, these last data differ from
the results attained in [127]. However, it is difficult to per-
form a straightforward comparison between the two experi-
mental studies since, for instance, tissues were procured



~
= (panunuos)
0120 680 610 9TLL
9-0L-CC0 96°0 1C0 SLLL
< o-0L°1T0 €0'L (440} LoLL
W o-01-0C°0 0¢’L S0 G801
o 9-01L-0C0 8¢l LT0 Lol
= 9-0L-1T0 ¥SL L€0 S'solL
a o-0L°1C0 8/°L 8¢€0 L'¥0L
I o-0L-¥C0 ¥6'L 90 6C0lL
S 9-01-9C0 14%4 S50 6°L0L
2 9-01°£T0 L¥'e 990 L'1otL
=z o-0L"LE0 LEL T4 L'66
5 o-0L-6C°0 VAR 4 6L°L ¥'v6
Q 0-0L-CT0 66'€ 180 §'€6
< o—01-02°0 ¥8'€ 9.0 ¥'t6
W o-0L-LL°0 9€'e LS50 06
m o-0L-8L°0 vLe 990 88
z 901910 Lv'e €50 SCcL
o o-0L-8L°0 [4%3 850 ¥'¥9
Z 48 o-0L-SL°0 [4°R% [4) ¥'89
6L0C°'W o-0L¥L0 0S¢ LS50 Sy
‘oteubene)y ‘ould'y o-0L¥L°0 9¢g'€ 80 SLE
‘uanuabiy ) ‘orsaido anbjuyda} 3|pasu-jeng o 0L¥L0 - 6v'€ - 0S°0 0Lz OAIA X3 J9A]| duinog
[g51]
810¢C 3 40] LS
‘N Y ‘ezioisel| 6£0 A2 (91e3S paneyap uou)
'3 ‘ouefiag - - - - 6£0 L€ 2uo0q Jejndages} auinog
"4 ‘1edUIA 24\ LS
‘W D ‘oleasjie) anbiuyda €0 Y (91835 Pa1IRIaP)
‘3 ' ‘opaefe4 101SIWI3Y) PaIeay-y|as - - - - V0 L€ OAIA X2 9u0q Je|ndages} duirog
o-0L-SL'L O0L-TLTT S€'6 S6
o-O0L-€LT 01-86/°L 856 08
00199 OL-9v¥'L 8.6 9
90109 0L-8cl’L 16’6 0S
9-0L-S0°S 0L-£20°L 86'6 £9¢ (uondauip |enuabuey)
o-0L"10°€ - - OL-0E¥'L £€6'8 (X4 auoq 1edwod uewny
o-01-C6'C OL-LELT £L0'6 S6
o-0L-06'€ OL-veLL 8C'6 08
-0l 1l6Y (01-69¢°L 676 S9
o-0LLLS <01-950°L £96 0S (uondaup
ajdnodounayy o-0L-¥09 0L-€V6°0 LL'6 £9¢ [elped)
[eliuaIaylp 0-0L-S6'C - - OL-€vsL 0T6 Lz auoq 1edwod uewny
‘191em pa||nsip o-0L-86€ OL-Ly6'L PSLL S6
“Jeysowayy 001067 OL-¥95°L /8L 08
‘suniopie|d buneay 00198 0L-06L°L Ta4) 9
‘s19puljh> mojjoy o-0L-€L9 (0L-TC6'0 £9TL 0S
[7S1l] 13ddod> omy :Butpnput o-0LTLL 01-528'0 06Tl L'9¢ (uondauip [eixe)
9861°S ] ‘AOUI|DZ dn3as |eyuswiadxy 5 0LT8'S - - OLYSTL [Tard) 1z OAIA X2 auoq 12edwod uewny
UISY Yoeoudde juswainsealy [s/,w] [cw/63] [ ¢w)/rW] (161 [ w)/m] D] (0dun ut onssi]
Aunisnyip Ausuaqg Awpeded 183y dyads ANAIIDNPUOD aJnjesadwa] ‘ONIA X3
Jewuay 183y d1IBWIN|OA Jewuay ] ‘0IA U

suonipuod

-ainjesadwial Jo uonduny e se sanssiy |edibojolq jo saiadoid [ediskydowssy) v a)qel



L. BIANCHI ET AL.

o)
o
m

(panunuod)

o-0L'¥L°0 %3 150 8C'CS
o-0L¥L°0 LS€ 0] 9L'YS
o-0L'¥L°0 Lg€ 150 S'LS
o-0L-¥L°0 1433 150 S5°09
o-0L'¥L°0 ¥S'€ 150 98'€9
o-0L¥L°0 1433 €50 9589
o-0L'¥L°0 1433 150 L6CL
o-0L-¥L°0 09°¢ €50 9/'8L
o-0L¥L°0 09°¢ (4] SS'Y8
9-0L-SL°0 LS°€E €50 69°'L6
9-0L-Z10 99°¢ 790 L9v6
5-0L-8L°0 98¢ 690 €L°56
buijood
o-0L-€T0 S0'S 80°'L 6,96
901910 SS€ 850 €0'C6
9-01-8L°0 Ly'€ 19°0 L6'16
9-0LZ10 LEE 950 908
9-01-9L°0 we 50 6v'6L
9-0LSL0 £9°€ ¥50 50L OMIA X2 J3Al] BUIAQ
9-01-9L°0 0S¢ S50 LE0L
9-0L-SL0 £9°€ ¥S°0 €09
9-01-9L°0 e €50 6565
o-0L¥L0 8¢t 80 L€'SS
o-0L¥L°0 €€°€ 90 S0'SS
9-0L-SL0 133 €50 661
9-0L-SL°0 [4°%3 €50 £8'8Y
9-0L-SL0 0S5 (4] 85y
o-0L¥L°0 we 60 LL'vy
9-0L-SL0 [4°%3 €50 744
[ozl] o-0L-SL0 [4°%3 €50 SS°6E
020z 9-0L-SL0 STe 60 LT9¢
‘eulief’|\ ‘uelo|eH,0D o-0L¥L0 €TE 90 89°G€
Y ‘0e5192U0)'Y 9-0L-SL0 [4%3 80 £6'9C
‘ua1|bI0g d "N ‘eAllS anbiuydal 3jpasu-feng o-0L-SL0 - 6€°€ 050 174
9—0L"€61°0 6Lt 8LL0 74
9-01-561°0 Ly STL0 LE
9019610 wy LEL0 St
9-01-961°0 wy 8€L°0 09
9012610 €&y 8CL0 S9
5-01-T61°0 6Tt 790 06
buijood
ONIA X3 J3AI] duilod
901610 96Tt 06
9-01-TSL°0 98¢ <9
o-0L-87L°0 LLE 09
[£z1] o-0LTPL0 09°¢ St
€107T "W o-0LL¥L0 JARY LE
‘loyD’[ "y ‘uews|ody’n o-0L-L¥L0 £99°€ 13
'q ‘Buded| o OL¥PL0 S9'€ ST
M 99Ty °S umung anbiuydal 3jpasu-feng 0-0L-Z¥L0 8G/°€ - (114
UIJRY yoeoudde juswainsespy [ [cw/by] (1 g)/rN] [1-6%)/1] D] (o4mn uy anssi]
Aunisnyip Ajsuaqg foeded 183y dyads ainjesadwa | ‘0AIA X3
Jeway | 13y dUIBWIN|OA Jewuay ] ‘oIA up)
suonIpuod

"panunuo) “ |qeL



309

=
=
o
w
T
o'
w
o
>
T
[TH
(©]
-
<<
=
o
2
o
=
-
<
=z
Qe
=
<<
=
oc
w
[
Z

(panunuod)

OL-ve (04
OL-9r'e 13
Jsa - - - :buneay si4 14
0¢s0 08
(48] 0S
anbiuyday 6050 L€
10)sIWLIBY) pPaleaY-|as - - - 96t°0 (4 OMIA X2 J9A1] uRWINY
HOL-oLe
(0L-60°€ <8
(01-80°€ <9
OL-¥0€ 09
OL-L0€E St
(0L-66C 04
£01-00°¢ 13
- - - :s9|dwes pajesy-aid (14
OL-€SE
OL-8t'€
(01-05°€ <8
OL-8'€ 59
OL-8¥'€E 09
OL-9r'E St
OL-9r'e 074
Buneay puodas [+
OL- 19 74
(0L 18€ <8
01-9L°¢ <9
(0L-659°€ 09
O0L-SS°€ St
(OL-€9°€ 04
Jsa ¢01-09°€ %3
- - - buneay 1si14 (44
S50 08
[ost] (4] 0S
€1L0T°D T ‘Joydsig'i anbiuyday 050 L€
‘RISSLIOW'T ‘10Y) 10]s1wIsy) pajeay-|as - - - 670 (4 OAIA X2 19A1] dUpIOd
S6
0Ll 06
Leot 09
8701 ainjesadwsa)
- 8Ll - - wooy
o-0L¥L°0 g€ 150 99°L€
o-0L'¥L°0 [(£°%3 150 8¥'8¢
o-0L¥L°0 LS€ 150 65°6€
o-0L¥L°0 Lg€ 150 (R4
o-0L-¥L°0 LS€ 150 744
- 0L¥L°0 1G°€ LS50 14Y44
o-0L¥L°0 g€ 150 wey
o-0L¥L°0 Lg€ 150 €81y
o-0L-¥L°0 LS€ 150 8v'ov
o-0L¥L°0 1G°€ LS50 1’8y
o-0L¥L°0 LS€ 150 £0°0S
9dUdI949y Yoeoidde juswainsealy [s/ W] [cw/by] [ ¢w)/rW] [1-631)/1] [ w)/ml Dl (0dun onssil
Aunisnyip Ajsuaqg fbeded 183y dyads AUAIDNPUOD ainjesadwa | ‘0AIA X3
Jewuay | 13y dUIBWIN|OA Jewuay ] ‘ONIA Ul)
suonipuo)

"panunuo) “ |qeL



(panupuod)

[8S1] S0€°0 00L
[4 4] V€0 06
‘alfng' W ‘swnziysey’| £€5°0 <9
‘eaepyo’L ‘enysehiNA LES0 09
‘lyseAeqoy’x 6£5°0 St
‘NTA *990SI'N poylsw €€5°0 LE
‘Dlezewe)’H ‘aqeueiepy aim -1oy Apeaisun - - - - 1£5°0 (4 ONIA X3 19A1] dUIOd
OL-6V'E 06
OL-L¥E S9
OL-6€€ 09
OLvEE St
OL-Tee L€
JSAW - - - 0L-8C°€ 4
(01-99°¢ 06
OL-SL°E 99
(01-09°€ 09
OL-EV'E St
OL-LY'E LE
Jsd - - - (OL-8E€E 4
8160 06
8LL0 99
[£51] 90 09
600C O W €50 St
‘alln4 ‘W ‘swnziysey ‘A poyisw 2050 LE
‘IyseAeqoy "H ‘aqeueiepn aAneiedwod Apesrs - - - 0S€°0 (4 OAIA X2 aupiod
]
OL-ST€E 99
OLLL€E 09
OL-SLE St
(01-90°€ o
OLv0€E 13
(01-20°€ 74
(01-20°€
- - - :s9jdwes pajeay-aid
OLvSE
OLvre
OLvre <8
OL-6€€ 99
OL-6E€E 09
OL-6€€ St
OL-SP'e (074
:buneay puodas (<9
OL-LS€E 74
. OL-eLre S8
= (0L-69°€ 99
5 OL-6'E 09
T OL-SP'E St
s 9dUal9jay Yoeoidde Juswainsealy [s/,w] [cw/by] [OF ¢w)/rW] [1-631)/1] [OF-w)/ml D] (0dun u anssil
m Aunisnyip Aisuaq foeded 183y dyads ANA1DNPUOd ainjesadwa | ‘0AIA X3
_i Jewuay | 13y dUIBWIN|OA Jewuay ] ‘0NN Ul)

SUOIIpUO)

"panunuo) “ |qeL




INTERNATIONAL JOURNAL OF HYPERTHERMIA 311

(panunuos)
9-0L'6/1°0 9.0 9L
9-O0L-LZLO €610 9
[zel] o-0L-LLL0 0Ls0 0S
666L°M ' anbiuyday 6-0L-1910 LES0 L€
‘oueAjepd °N ‘nleseaeyg 101SIWI3Y} Pa1eay-as 5 0L-TSL0 - - - 5150 (4 ONIA X3 wnipied0Aw aupiod
- - - - SIL'T 131 Bid
- - - - 0v9°0 qui puty big
(ae))
- - - - 8750 au bid
(sa4qyy Buoje)
- - - - 0S€°0 quij.0y bid
(s24q1y ssoude)
9qoid aAIseAu| - - - - /90 ONIA Ul quijso4 bid
(Buljoo> Jaye) 5
06
90 S8
€0 08
S¢L0 S9
120 (014
8190 14
650 cuny
[4X%0) (Buijoo> 1aye) 5z
L¥S'0 08
Lo S9
9590 (04
90 14
- - - - €50 L uny ONIA X J3A]] duinog
(%zl+) ST9°0 14
S/90 14
S¥L0 €9
0£8°0 0L
:buijood
0080 08
0490 9
S€9°0 St
0950 14
- - - - w18 3P
0950 14
0650 33
0590 14
:buijood
S¥9°0 sS
0090 LY
[651] 5950 S€
€002 Y poyisw 0€S°0 14
‘uefeyely'y ‘efieydeneyg anm-1oy Apearsun - - - - «V 9ph) ONIA X3 uabejj0d auIAQ
U949y Yoeoidde Juswainsealy [s/,w] [cw/by] [OF ¢w)/rW] (1611 [(4-w)/m] D.] (oA uy anssi|
Aunisnyip Aisuaq foeded 183y dyads ANA1DNPUOd ainjesadwa | ‘0AIA X3
Jewuay | 13y dUIBWIN|OA Jewuay ] ‘0AIA UJ)
SuonIpuod

"panunuo) “ |qeL



(panupuod)

(duaikisAjod
[z91] papuedxa) weojoif1s
9007 ‘sa|dnodowiay}
‘W ' ‘Inyey ‘(zHX §L€) J03e13UBb OL-/8LY G'e8
"D [ 19ISGIM fouanbayoipes OL-LL8'€ Sz
T°a nnYs ‘sapoua|d alejd omy 01-765°€ 09
‘| ‘'sojues sop Buipnpu O0L-TSPe 0S
‘a ‘YouswwaeH snjesedde |eyuswiadx3 - - - OL-LLYE (44 0U)A Ul J9A]| duinog
(0L 09T S6
i74}] (0L 85T ]
8107 Ol 6+C 89 15K s saxeg ayy
*Z "IN ‘uljnzie4 Ol 6€T [« buipunouns ansspy asodipe
‘| A ‘AO}eql0D - - - 0L LE€T o uewnH
N[ ‘N ‘eA0qoI0Y (01-98°¢ S6
‘A Y ‘noseAjiyz 01°58°€ S8
‘I ‘N ‘BAOYAIS OL-ory 89
g A ‘Asunaiy Ol ¥9°€ 49 l1em 354> s avjeg
Y 'S ‘AdipeAuiay)y Jsa - - - NWAAY 04 OMIA X2 uewny
OL6L€ 09
(01-98'€ 0S
(01-88°¢ 34
- - - OL+9€ L€ ewoupdJedouspe bun
O0L-8L°€ 09
(0L 18€ 0S
O0L-8L°€ 34
- - - 01-99°€ L€ 135U ISealg
OL-L6'E 09
O0L-C0Y 0S
OL-€0Y 34
- - - OL-SLE L€ ewo030/£>0115e 3snyiq
OLv9€E 09
OLvLe 0S
OL-6L€ 34
- - - OL-€9°€ L€ ewolse|qol|n
0L-0L°€ 09
(01-59°€ 0S
01-99°€ (3% (+onew Aeub)
- - - 0L-65°€ L€ ujelq uewny
0L-69°€ 09
[191] OL¥9€ 0S
6L0T'W ‘Sewnsiep| O0L-19°€ 137 (4onew
‘olysep 4 ‘oues Jsa - - - (0L-659°€ LE oA Ul 21ym) uleiq uewny
[091]
000¢
3L UBUIN
‘M [ ‘OueAjepA
4 47 g ‘buom
.Aln 3 'N ‘nfeseaeyg
- 3wy 0010710 0S
S 'V S ‘AOYURIDL anbiuyda} o OL'LELO L€ abe|ed
z | °f ‘unoj 101SIWI3Y) Pa1eay-|as 5018710 - - - 1T OAIA X2 wnidas |eseu aulod
@ ddUI49Y Yoeoidde Juswainsealy [s/,w] [cw/by] [OF ¢w)/rW] [1-631)/1] D] (0dun u onssil
- Aunisnyip Ajsuaqg foeded 183y dyads ainjesadwa | ‘0AIA X3
Jeway | 13y dUIBWIN|OA Jewuay ] ‘oIA up)

SuoIpuo)

"panunuo) “ |qeL



<
=
[a'
w
z
[a'
w
o
&
u
w
o
-
<<
=z
oc
2
o
S}
-
<C
=z
o
o
<
=z
oc
w
&
Z

(panunuod)

5-01-80C°0 €TE 0£0 ¥6

[6TlL] 5-01-80C°0 S0'€ 190 €6

Lzoz 5011020 00°€ 090 06

"] "eulie4 o-0L¥/10 [40R3 €950 08

‘W ‘uelojleq,0 o-0L-Z¥L0 St'e LS°0 €9

'3 ‘Iau0d 9018710 65°€ €50 9

v ‘1311609 o—0L-Z¥L0 1433 4} [43
‘d "N "eAllS anbiuyda) a|paau-jeng 9019710 - ¥S'€ - S0 0¢ ONA X3 A3uppy 3uInQ

5-0L-9¥L0 0L 250 St

9-0L"SPL0 €L€ 6750 8¢

o—0L-SPL0 99°¢ [4394] €€

9-0L-SPL0 9/'€ LES0 Le

o-0L¥PL0 89°¢ 1250 8¢

o-0LEVL0 0L€ 0¢s0 9

o—0L-EVL0 we 0¢s0 74
0 0LTL0 - €9'¢ - 0L50 w OAIA X2 sealpued auilod

o-OL-€LE0 86t S00C L6

o-0L-¥SE0 ¥0'S Seo’L 96

5—01-S0€0 90t 60C'L €6

901610 LLe 9690 L8

5-01-50C°0 0g'e 1690 €8

9-01-0/10 [4°33 1190 €L

5018510 €9°€ 095°0 99

9-0L67L°0 (VA3 0950 09

o-0L-67L°0 18°€ £95°0 49

o-0L6710 €8¢ .50 o

o-0L-Z¥L°0 £8°€ €950 (A%

9-0L-S¥L0 €8¢ €950 €€

o-OL-EVL0 99°¢ 750 9
9-0L-9€10 - 98¢ - ¥2s0 [44 ONA X2 uteiq jjedy

5012670 66 GE9'L L6

9-0L-SET0 86'¢ 660'L ¥6

5-01-907°0 £€9°€ 8980 6

5018910 Lge €090 8

5-01-991°0 8r'e £09°0 €L

[L2] 9-0L-€91°0 0s'€ 1450 99

Lzoe 5-01-091°0 SS€ 6550 99

'd ‘Ipuewodes 9019510 05 0SS0 o

S ‘Ipesy o-0Lt¥10 0L'€ LES0 9¢

" 9019710 99'¢ %050 8¢
‘Iyduelg "y ‘IpeWWeyol anbiuyda} 3|pasu-jeng 0018710 - 8¥'€ - SLs0 44 ONA X3 J9A1] duldiod
U149y yoeoidde yuswainsealy [s/,u] [w/B¥] [OF W)/ ] (OB (Ot w)/Mm] D (o ur anssi|

Aunisnyip Aisuaq Apeded 183y dYyads ANA1dNPUOd ainjesadwa | ‘0NN X3
Jewuay | 183y DUIBWIN|OA Jewuay ‘oNIA ul)
SuolIpUo)

‘panunuo) ‘v s|gel



314 L. BIANCHI ET AL.

Table 4. Continued.
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*Cycle A is the result of the average of the cycles that reach a maximum temperature of 55 °C (in the article cycles 1,2,3 and 4) and in which no irreversible effects are observed.

**Cycle B is the result of the average of the cycles that reach a maximum temperature of 80°C (cycles 5 and 6) and in which irreversible effects can be observed.

from animals of different species (porcine [127] and ovine
[126] liver tissues) and the tissue sample preparation proto-
cols and methods presented differences (e.g., the immersion
of the specimen in phosphate-buffered saline [127] or the
use of a sealed vacuum container to reduce the sample
dehydration [126]).

Recently, Mohammadi et al. employed the technique
based on the usage of a dual-needle sensor to measure ther-
mal properties of ex vivo porcine liver in a temperature range
between 22°C and around 97 °C [62]. The results were com-
parable with previous studies investigating the thermal con-
ductivity in bovine [125], ovine [126] tissues. In particular,
the measured thermal conductivity was subjected to a grad-
ual variation after ~70°C, showing an increase by 60% of its
initial value at 92°C, and further increased up to a value of
~1.64 W/(m-K) at 97 °C.

In the same experimental work, the temperature depend-
ency of thermal conductivity of ex vivo calf brain and porcine
pancreas was also investigated. Concerning the brain tissue,
a substantial increment of thermal conductivity with tem-
perature was observed at 92 °C and above, which resulted in
a thermal conductivity 4-times higher than the initial value
in the 92-97°C temperature interval (Figure 4(a)). Regarding
the pancreatic tissue, the thermal characterization was pos-
sible only up to 45°C, since at this temperature a change of
the tissue state occurred. No substantial variations in the
thermal conductivity of pancreas were assessed in the inves-
tigated interval (i.e., 22-45 °C).

Using the self-heated thermistor technique, Choi et al.
investigated the thermal conductivity of both porcine and
human liver at temperatures ranging from 25°C to 80°C
under ex vivo conditions [156]. In both cases, a slightly
increasing trend in this thermal property with temperature
was recorded (Figure 4(b)). After heating, further measure-
ments at 25°C were performed, and a decrease in thermal
conductivity of 18% and 16% from the initial values of
0.49 W/(m-K) and 0.50 W/(m-K), was observed, respectively for
swine and human tissues.

Watanabe et al. [157], based on the steady comparative
method, measured the change in thermal conductivity in pig
liver between 25°C and 90°C and observed a direct propor-
tionality between temperature and thermal conductivity,
which could be described by the equation of a straight line.
In a subsequent study, Watanabe et al. opted for the
unsteady hot-wire method, which involves the use of a cylin-
drical heating probe, equipped with a thermocouple, to per-
form measurements, and a thermal bath to impose the
temperature [158]. The attained results on porcine liver sam-
ples between 25°C and 100°C showed a constant thermal
conductivity value of ~0.53-0.54 W/(m-K) up to 65°C, and
then a decreasing trend up to 100°C. Both studies by
Watanabe et al. were conducted under ex vivo conditions.

Bhattacharya et al. employed the unsteady hot-wire
method to perform their studies [159]. They investigated the
thermal conductivity of ex vivo bovine liver between 25°C
and 90°C and recorded an increasing trend of thermal con-
ductivity with temperature (Figure 4(b)).
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Figure 4. (a) Thermal conductivity of different tissues and biological media (i.e., trabecular bone, brain, lung, pancreas, spleen, collagen, liver, myocardium, septal
cartilage, kidney) as a function of temperature. (b) Temperature dependence of thermal conductivity of liver investigated in different studies including measure-

ments in human, bovine, ovine, porcine, and rabbit tissues.

Following natural cooling, the thermal conductivity at
25°C was found to be 23% higher than the initial value at
the same temperature. Moreover, they analyzed the thermal
conductivity of ex vivo bovine collagen between 25°C and
80°C. By performing heating and cooling cycles on different
samples, in gradually increasing temperature ranges (Table
4), they found an increasing trend with temperature (Figure
2(a)). It was also noted that, for cycles exceeding a tem-
perature of 55°C, upon cooling the thermal conductivity
did not return to the initial value, being 12% higher than
the latter.

Moreover, Silva et al, using the dual-needle technique,
examined thermal conductivity in ex vivo ovine kidney [129].
The thermal conductivity remained constant from 20°C to
80°C and then was characterized by an increasing trend
from 80°C to 95 °C. Following the heating process, the tissue
was subjected to a natural cooling process, which presented
an almost superimposable trend compared to that obtained
during heating.

Overall, as observable in Figure 4, in the temperature
interval of ~20-60°C, most of thermal conductivity values of
biological tissues and media range between 0.4 W/(m-K) and
0.7 W/(m-K), with minimum values for bovine trabecular bone
and maximum values associated to ovine collagen. At higher
temperatures, up to 76-80°C, a slight increase in thermal
conductivity is observed for ovine collagen and in some
studies on bovine and porcine liver tissue, whereas a
decreasing trend is observed for porcine myocardium.
Significant increases in thermal conductivity are registered
above ~90°C, probably owing to vaporization, up to a value
of 225W/(m-K) at 99°C for liver tissue. Conversely, from
101 °C up to 113°C, thermal conductivity shows a decreasing
trend with temperature (Figure 4(b)). A separate discussion is
needed for compact bone, whose thermal conductivity in
the 21-95°C temperature interval assumes values ranging
from ~9W/(m-K) up to almost 13W/(m-K), which might be
due to the bone low water content (Table 4).

5.2, Specific heat

Specific heat, expressed in J/(kg-K), represents the amount of
heat required to increase the temperature of a material by
1°C, per unit mass. This property was analyzed in liver, white
and gray brain matter, compact bone tissue, Baker’s cyst wall
and adipose tissue surrounding it, prostate, pancreas, and
cardiac muscle tissue, among others. In addition, the trend
of specific heat as temperature changes was investigated in
tumor tissues such as glioblastoma, diffuse astrocytoma,
breast cancer metastasis, and lung adenocarcinoma
metastasis.

In the study by Watanabe et al. [157], porcine liver sam-
ples were examined ex vivo by two measurement techniques:
DSC and modulated differential scanning calorimetry (MDSC).
The latter has the characteristic of not neglecting the effect
of endothermic reactions caused by protein denaturation
during tissue heating. By DSC, an increasing trend was
recorded up to 65°C, and at this temperature, a maximum
peak of 3.75 x 10° J/(kg-K) was reached. Then, a decreasing
trend up to 90°C was registered. In contrast, by MDSC, at
temperatures between 20°C and 90°C, a linear relationship
between temperature and specific heat was identified.

Human and porcine liver samples were analyzed under ex
vivo conditions in the study by Choi et al. [156] between the
temperatures of 25°C and 85°C by DSC. For both tissues,
measurements were performed under two different condi-
tions. In the first case, samples were placed directly into the
aluminum container of the DSC machine, preventing the
water content from varying. In this way, two consecutive
heating cycles were performed. In the second case, samples
were pre-heated outside the DSC machine to account for
water loss. Both tissues analyzed presented a similar behav-
ior when varying the temperature. The results obtained in
the first case showed, during the first heating, at around
65°C, a maximum peak of 3.81 x 10° J/(kg-K) for porcine liver
and 3.72 x 10° J/(kg-K) for human liver (Table 4, Figure 5(a)).
In contrast, during the second heating, the value of the
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specific heat remained nearly constant compared with the
initial value, i.e., around 3.46 x 10° J/(kg-K), for both tissues.
In the second case, the specific heat maintained an approxi-
mately constant trend over the entire temperature range
under consideration, however, the values recorded were 14%
lower than those obtained by preserving the entire water
content (Table 4).

The temperature dependence of the specific heat of liver
tissue (bovine) was investigated by Haemmerich et al., specif-
ically in the 25-83.5°C temperature range [162]. The meas-
urement experimental setup involved the usage of two plate
electrodes to uniformly increase the temperature of the liver
specimen by means of a radiofrequency generator, and
thermocouples for temperature monitoring. The samples
were insulated with expanded polystyrene. The temperature-
dependent specific heat underwent a 1.2-fold increase at
83.5°C (registering a value of 4.187 x 10° J/(kg-K)) compared
to its initial value at 25°C. Furthermore, at temperatures
>70°C, a significant water loss was registered.

In a recent work, Agafonkina et al. investigated the ther-
mal properties of different tissues, namely, human healthy
and tumorous prostate tissue, as well as benign prostatic
hyperplasia, human kidney (healthy and cancer tissue),
human hepatic and pancreatic tissues (healthy), and porcine
cardiac tissue, in the temperature range between —160°C
and 40°C, by means of DSC [163]. The results showed higher
specific heat capacity values for tumor tissues of the kidney
compared to healthy tissue. Moreover, a lower moisture con-
tent, compared to kidney tissues, was associated to lower
values of specific heat capacity of liver, pancreas, and por-
cine cardiac tissue. Concerning the prostate, at temperatures
above 10-15°C, the specific heat capacity associated to
tumorous tissue was characterized by a more rapid increase
with temperature compared to normal tissue.

In the study performed by Zelenov, the specific heat
trend, between 21°C and 95°C, of compact bone tissue
from a human femur was analyzed [154]. The experimental
trial was conducted by the same technique used to measure
thermal conductivity. In all three directions, the trend in spe-
cific heat was observed to decrease between 21°C and
37°C, whereas from 37°C to 95°C it linearly increased, cul-
minating in a value of 1.941 x 10® J/(kg-K), 2.131 x 10 J/
(kg-K) and 2.212 x 10° J/(kg-K), for the axial, radial, and tan-
gential directions, respectively (Figure 5(a)).

Chernyadiev et al. studied the specific heat of Baker's cyst
as a function of temperature [124]. Baker's cyst develops at
the posterior side of the knee as a result of the accumulation
of synovial fluid. In this study, the inner wall of the cyst and
the adipose tissue surrounding it were examined under ex
vivo conditions by DSC between 40 °C and 95 °C. Both tissues
presented a slightly increasing trend with increasing tem-
perature (Figure 5(a)). Particularly, the specific heat of the
inner wall of the cyst, around temperatures of 65°C and
70°C, showed a maximum peak of 4.46 x 10% J/(kg-K).

Finally, Sano et al. [161] conducted a study including both
the analysis of the white and gray matter of the brain and
measurements on tumorous tissues affecting the brain. The
analysis was performed by DSC at temperatures ranging

——©— Bovine liver, Haemmerich et al.

—#— Human adipose tissue, Chernyadiev et al.
—4&— Human brain (grey matter), Sano et al.
Human brain (white matter), Sano et al.
—=-&=-=Human compact bone (axial direction), Zelenov
= % = Human compact bone (radial direction), Zelenov
a) —#— Human compact bone (tangential direction), Zelenov
=& Human liver, Choi et al.
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Figure 5. (a) Specific heat relative to hepatic, adipose tissue, brain (white and
gray matter), compact bone tissue in axial, radial, and tangential direction, as a
function of temperature. (b) Temperature-dependent specific heat of tumorous
tissues such as glioblastoma, diffuse astrocytoma, breast cancer, and lung
adenocarcinoma. The results were attained from the study by Sano et al. [161].

from 37°C to 60°C. As depicted in Figure 5(a), white matter
and gray matter showed a similar trend, assuming compar-
able values to each other and slightly increasing with
temperature.

The specific heat of diverse tumor tissues, although assum-
ing different values, presented a qualitatively similar trend as
the temperature varied (Figure 5(b)). The specific heat assumed
an increasing trend between 37°C and 43°C then, it
decreased, albeit with a smaller slope, at higher temperatures.

5.3. Volumetric heat capacity

Volumetric heat capacity represents the amount of heat
required to increase the temperature of a material by 1°C,



per unit volume. It is determined by the product of specific
heat and density, and it is measured in MJ/(m3-K).

Volumetric heat capacity was investigated in the liver,
pancreas, brain, and ovine kidney under ex vivo conditions.
Relative to the liver, several experimental trials have been
conducted. Guntur et al. [127] analyzed the trend of volu-
metric specific heat of porcine liver samples by dual-needle
technique, during a heating process and subsequent cooling.
The temperature range under evaluation extended from
20°C up to 90°C. The results obtained from the heating pro-
cess followed the trend of a quasi-parabolic asymmetric
curve with upward concavity and exhibiting a minimum
equal to ~3.57MJ/(m3K) at 35°C (Table 4). Regarding the
cooling process, the specific volumetric heat remained
approximately constant, throughout the temperature range
considered, with the last value obtained at the end of the
heating process (at 90°C, during heating, the volumetric
heat capacity was 4.296 MJ/(m>-K)).

A further study was conducted by Lopresto et al. [125],
who performed measurements on ex vivo bovine liver sam-
ples at temperatures ranging from 21°C to 113 °C, excluding,
as mentioned above, measurements in the range of 100°C.
The results, obtained by dual-needle technique, showed a
constant trend up to 90°C, followed by a rapid growth up to
99°C. Conversely, from 101°C to 113°C, a progressive
decrease in the specific volumetric heat capacity was
assessed (Figure 6). Moreover, Silva et al. [126], using the
same measurement technique, carried out studies on ex vivo
ovine liver samples between 25°C and 97 °C. They observed
that the specific volumetric heat capacity remained almost
constant up to 90°C and then assumed an exponential
behavior up to 97°C. In a subsequent study, Silva et al.
investigated the trend of the volumetric heat capacity of ex
vivo ovine kidney, in a temperature range between 20°C and
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95-96°C [129]. The study was carried out by imposing a
temperature increment, followed by a cooling process. The
attained results showed a qualitatively constant trend up to
95°C, i.e., a temperature value correlated to water vaporiza-
tion in the tissue. In the cooling process, the trend of the
specific volumetric heat capacity followed the values
assumed during the heating process.

With a similar setup, Mohammadi et al. also investigated
the temperature dependence of volumetric heat capacity of
porcine liver and pancreas tissues, and calf brain within the
temperature range from 22°C up to ~97°C [62]. The porcine
liver tissue reported an approximately constant volumetric
heat capacity (ranged between 3.48 MJ/(m3K) and 3.70MJ/
(m3K)) up to 92°C. After this temperature, an increment was
observed (e.g., at 97°C, a mean value of 4.99 MJ/(m>-K) was
registered). Concerning the measurements on calf brain
specimens, the volumetric heat capacity did not undergo
major variations at temperatures lower than 93 °C; however,
it increased at higher temperatures (e.g., 4.98 MJ/(m3-K), at
97°Q), as depicted in Figure 6. Furthermore, for pancreas tis-
sue, within temperatures of 22-45°C, no substantial changes
in volumetric heat capacity were assessed. In this tempera-
ture range, the average maximum and minimum values for
pancreatic tissue samples were 3.63 MJ/(m3K) and 3.76 MJ/
(m3-K), accordingly.

5.4. Density

The density [kg/m’] represents the mass of a material per
unit volume. The temperature dependence of density has
been investigated on ex vivo ovine liver by Silva et al. [126].
In particular, the density was evaluated in tissue samples at
room temperature and following a tissue temperature
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Figure 6. Temperature dependence of volumetric heat capacity of different biological media, i.e., bovine liver, calf brain, ovine kidney, ovine liver, porcine liver,

and porcine pancreatic tissue.
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increase imposed by a water thermal bath. The density
measurements attained post-heating exhibited no substantial
variations from the baseline density value measured at room
temperature. Indeed, considering an average initial value of
1128 kg/m?, the average values at 60°C, 90°C, and 95°C
were 1028 kg/m?, 1031kg/m?, and 1104 kg/m?>, respectively.
The observed density values were explainable by considering
that mass and tissue volume were subjected to similar per-
centage losses upon heating (for instance, 24-23% at 90 °C).

5.5. Thermal diffusivity

Thermal diffusivity measures the rate at which a material
reacts to a change in temperature. It is defined as the ratio
of thermal conductivity to the product of density and spe-
cific heat capacity. Its unit of measurement is m?/s. Several
studies measured the thermal diffusivity of biological media
as it varies with temperature. These investigations involved
different typologies of soft and hard tissues, including liver,
myocardium, lung, brain, pancreas, spleen, kidney, bone, car-
tilage, and some cancerous tissues.

In the previously described investigation by Valvano et al.
[121], besides the thermal conductivity, also the thermal dif-
fusivity of biological tissues as a function of temperature (i.e.,
3-45°C) was assessed by means of self-heated thermistors.
The results of a linear fitting of the thermal properties of
liver, heart, brain, spleen, kidney, pancreas with temperature
indicated correspondence between the thermal diffusivity of
tissue and the one of water, in terms of both temperature
dependence trend and actual values. Lopresto et al. [125]
examined thermal diffusivity in bovine liver samples under

the same conditions previously described in Section 5.1. The
results showed a rise in thermal diffusivity at 99°C corre-
sponding to ~2 times the baseline value at 21 °C, and specif-
ically a marked increase from 90°C to 99°C. Between 101 °C
and 108°C, the thermal diffusivity subsided (decreasing by
~25%) and then assumed again an increasing trend up to
113 °C (Figure 7).

Guntur et al. measured thermal diffusivity in porcine liver
from 20°C up to 90°C [127]. In this case, the attained ther-
mal diffusivity trend described a quasi-parabolic asymmetric
curve, showing upward concavity, and a minimum at
35-40°C equal to 0.141 x 107° m?/s (Table 3). Moreover, at
90°C, thermal diffusivity was >30% higher than its initial
value registered at 20 °C. During a successive cooling process
to 20°C, the thermal diffusivity remained approximately con-
stant to the last value measured at 90°C during heating (i.e.,
0.192 x 107% m%/s).

Besides, Silva et al. [126] investigated the thermal diffusiv-
ity in ovine liver between temperatures of 25°C and 97°C.
The observed trend was almost constant up to 90°C and
exponentially increased from the latter temperature up to
97 °C. Silva et al. [129] also measured the thermal diffusivity in
ex vivo ovine kidney samples between 20°C and 95°C. From
20°C up to about 60°C, a constant trend was observed,
whilst, from 60°C up to 95°C, the thermal diffusivity
increased with temperature. Furthermore, after the tempera-
ture increment, the tissue thermal properties were analyzed
once again during a natural cooling period. It allowed observ-
ing certain reversibility, since, upon cooling, the thermal diffu-
sivity reverted approximately toward its previous values for
both ovine liver [126] and kidney tissues [129].

Thermal diffusivity [m?/s]

Figure 7. Thermal diffusivity of different biological materials (i.e., liver, brain, lung, pancreas, spleen, myocardium, and kidney tissue) versus temperature.
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As far as concerns porcine liver tissue (ex vivo), the study
performed by Mohammadi et al. [62] reported a progressive
increment of thermal diffusivity from around 70°C until
92°C; at 92°C, the thermal diffusivity value was 40% higher
than the nominal value measured at 22°C. Furthermore,
major variations were observed between 92°C and 97°C,
indeed thermal diffusivity rose to 0.297 x 10~® m?/s at 97 °C.
For calf brain tissue, the thermal diffusivity grew by 90% up
to 92 °C; moreover, from 92°C to 97°C, a 2.5-fold increase in
this thermal property was assessed, probably due to the
onset of the vaporization phenomenon of the water present
in the tissue. Overall, the results were in accordance with
previous investigations [125-127]. Finally, about pancreatic
tissue, the results showed no substantial changes in thermal
diffusivity in the investigated range of 22-45°C, which was
in agreement with the measurements on liver and brain tis-
sues. The five previously described studies were conducted
using dual-needle probes [62,125-127,129].

Conversely, exploiting the self-heated thermistor tech-
nique, Bhavaraju et al. [122] investigated thermal diffusivity
on porcine myocardial samples over a temperature range
extending from 25°C to 76 °C. The measurements showed a
weakly increasing trend as the temperature increased, up to
a value of 0.179 x 10~° m?/s at 76 °C (Table 4, Figure 7).

Furthermore, Youn et al. [160] analyzed thermal diffusivity
in porcine nasal septum cartilage at temperatures of 27°C,
37°C, and 50°C. The results (displayed in Table 3), obtained
by the self-heated thermistor technique, exhibited no statis-
tically significant difference in values of thermal diffusivity as
the temperature rose.

Concerning hard tissues, thermal diffusivity in the human
femur was investigated by Zelenov between 21°C and 95°C
[154], in axial, radial, and tangential directions. Regarding
thermal diffusivity, an increasing trend up to 37 °C was regis-
tered, culminating in a peak. Thereafter, a linearly decreasing
trend was identified, up to 95°C. Although the trends were
qualitatively similar in all the directions, it can be observed
that, in the axial direction, diffusivity assumed the highest
values, ranging from approximately 3.98x 10°° m?/s to
7.12 x 10°° m?/s (Table 4).

6. Mechanical properties of biological tissues as a
function of temperature

Mechanical properties characterize the behavior of a mater-
ial, or, in our case, a biological tissue subjected to the appli-
cation of forces. The mechanical properties of biological
media analyzed in this paragraph as a function of tempera-
ture are shear modulus (transverse and longitudinal), elastic
modulus (Young’s modulus), storage modulus, loss modulus,
complex modulus, loss factor, and stiffness. The main results
of the analysis on mechanical properties as a function of
temperature are reported in Table 5.

6.1. Shear modulus

Shear modulus, also known as tangential elastic modulus,
expresses the tangential stress-strain relationship and it is
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Figure 8. Shear modulus of brain, liver, and muscle tissues as a function of
temperature.

measured in pascal [Pal. As shown in Table 5, Liu et al. [141]
observed the variation of shear modulus in brain as a function
of temperature using the shear wave elastography technique,
applied to ex vivo porcine brain specimens (Figure 3(c)). From
around 23°C to ~37°C, the shear modulus subsided almost
linearly with temperature, whereas between 37°C and 43°C,
its value remained approximately constant. Furthermore, for
temperatures exceeding 43 °C, an increase in the shear modu-
lus of the brain with temperature was observed.

Concerning ex vivo bovine liver tissue, Sapin-de Brosses
et al. measured the shear modulus using quantitative super-
sonic shear imaging technique (SSI) [113]. The results in Table
5 show that the average shear modulus, before the samples
were heated, was 3.4kPa and it remained approximately con-
stant from 25°C to 45°C; above this threshold, its value rose
exponentially with temperature (Figure 8). In the same study,
Sapin-de Brosses et al. also analyzed the shear modulus in ex
vivo bovine muscle, distinguishing the longitudinal from the
transverse component. From Figure 8, it can be observed that
the temperature-dependent trend of the longitudinal compo-
nent could be divided into four phases: its value diminished
linearly with temperature up to 43°C, a variation in slope was
observed at around 37°C, afterward an exponential decrease
until 57°C, and a subsequent exponential increment with
temperature up to 64°C were registered.

The transverse shear modulus had a very similar trend
(Figure 8), however, unlike the longitudinal component, only
three phases could be identified: its value decreased linearly
up to 43°C with no change in slope, then, as for the longitu-
dinal component, an exponential decrease until 57°C, and a
further exponential increment with temperature up to 64°C
were reported.

6.2. Elastic modulus

Elastic modulus (Young’s modulus), expressed in Pa, is a
characteristic quantity of material that expresses the relation-
ship between applied stress and deformation resulting from
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that stress. This definition is valid under the assumptions of
uniaxial loading and elastic material behavior. Young’'s modu-
lus is among the main measures of intrinsic material stiffness,
and it is often indicated as ‘material stiffness’ [170].

Protsenko et al. studied how the elastic modulus varies in
porcine nasal septum cartilage by imposing a temperature
increment by means of RFA (500kHz) [164]. The elastic
modulus was measured as a function of temperature in an
ex vivo unconfined compression experiment. The equilibrium
modulus at 60°C was 80 kPa. The elastic modulus decreased
with temperature once the cartilage reached values higher
than ~60°C. Specifically, it continued to decrease until it
reached 16 kPa at a temperature of 80°C (Table 5).

An additional study investigating cartilage behavior was per-
formed by Chao et al. who measured, using DMA, the variation
in elastic modulus in rabbit nasal septal cartilage heated by
laser irradiation (exposure of 10s at a power density of
21.22W/cm?, with a laser wavelength of 1320nm), upon
assumption of linear viscoelasticity [5]. Samples underwent
three laser exposures with cooling times of 30s between each
irradiation; the maximum surface temperature was 65°C.
Starting from a value of 6.08 MPa in native tissue, a decrease in
elastic modulus throughout the laser treatment and following
each subsequent irradiation was assessed. The most important
change was observed immediately after the cessation of laser
exposure when the elastic modulus value reached its minimum.
After 60 min of immersion in a saline solution at 25 °C, the elas-
tic modulus reverted to ~90% of its initial value (Table 5).

The mechanical behavior of cartilage was also investigated
by Liu et al. by means of the phase-sensitive optical coherence
elastography method based on optical coherence tomography
(OCT) [165]. They measured Young's modulus of ex vivo por-
cine nasal septal cartilage. As shown in Table 5, at room tem-
perature (i.e., 20°C) the elastic modulus was 1MPa and its
value increased in relation to increasing temperature up to
40°C. In the range between 40°C and 70°C, Young’s modulus
significantly decreased as a function of temperature. In the
same study, the results obtained with OCT were compared to
the values attained with a mechanical elastomeric system (i.e,,
method of mechanical compression, MMC, Table 5).

In the study performed by Bonfield et al. [166], Young's
modulus of bovine compact bone (femur) was investigated in
dependence on temperature variation (—58-90°C). Being the
chemical stability of hydroxyapatite maintained under 400°C
[171], the temperature dependence of Young's modulus of
bone was attributed mostly to the temperature dependence
of Young's modulus of collagen, considering an ideal hydroxy-
apatite-collagen composite material. Between 0°C and 25°C,
it was possible to identify an inverse dependence between
Young’s modulus and temperature (Table 5). On the other
hand, between 50°C and 90°C, bone tissue was characterized
by structural variations and non-equilibrium recovery.

6.3. Storage modulus

The storage modulus, measured in Pa, is related to the elas-
tic component of a viscoelastic material and refers to the
mechanical energy stored in a loading cycle [139]. In case of

uniaxial forces, the storage modulus is denoted by the sym-
bol E’, while, in case of deformations occurring due to shear
forces, G’ represents the shear storage modulus [172]. The
hypothesis of viscoelastic behavior differentiates the storage
modulus from the elastic modulus.

In the work by Chae et al. [167], the temperature depend-
ence of the flexural storage modulus E’ of porcine nasal sep-
tum cartilage was investigated, using DMA, with a single
cantilever configuration. In this study it was shown that the
storage modulus decreased with temperature, with a substan-
tial variation from 58°C to 60°C where it decreased by
85-90%, showing this trend for all frequencies (13 Hz, 24 Hz,
37Hz, and 61Hz). In general, as can be seen from Figure 9(a),
relaxation began at 50°C with a gradual decrease due to a
combination of factors, including water loss and changes in
the molecular structure of the material, caused by heating.
The assumed value at the end of the relaxation was between
around 4MPa and 7 MPa at 65°C. At room temperature, the
storage modulus for longitudinally and transversely oriented
samples was 19-22 MPa and 14-16 MPa, respectively.

To evaluate the viscoelastic properties of skin as a func-
tion of temperature change (25-80°C), Xu et al. performed
experiments on ex vivo porcine skin samples using a DMA,
utilizing a single cantilever bending testing mode [168].
Specifically, they employed the same frequency (i.e., 1Hz)
and three different heating rates: 2°C/min, 5°C/min, and
10°C/min. The storage modulus E’, as shown in Table 5,
increased with temperature for all three heating rates.
However, using rates of 5°C/min or 10°C/min, its value did
not significantly increase; in contrast, for a heating rate of
2°C/min, there was a substantial increase (Figure 9(a)), prob-
ably owing to water release.

Wex et al., instead, performed rotary shear rheology experi-
ments employing a parallel plate rheometer to quantify the
values of shear storage modulus G’ in porcine liver specimens
(8 healthy porcine livers) as a function of preparation tempera-
ture (—20, 20, 30, 40, 45, 50, 55, 60, 70, 80°C) [114]. In order
to increase the temperature of the sample, the specimen was
placed in a Krebs Ringer Hepes Solution, previously heated at
a set temperature. Concerning frozen-thawed samples, the
samples were placed in a freezer (—20°C) at least for 1h and
subsequently defrosted at room temperature. For the strain
sweep tests, a frequency equal to 1Hz and strain amplitudes
between 0.0001-1 were considered, while for the frequency
sweep a strain amplitude of 0.001 was set and frequency was
changed from 0.1 Hz to 10Hz. With regard to the shear storage
modulus, they measured an increase in its value in correspond-
ence with an increase in temperature (Figure 9(b)). Compared
to the value at room temperature (i.e., 20°C) they recorded an
increase of 65% at a temperature of 45°C (deformation equal
to 0.1%), while for a deformation equal to 1% an increase of
55% at 45°C with respect to room temperature was assessed.
Moreover, at 70°C, the results showed increases of factors of
9.3 and 9.1, compared to room temperature, for deformations
equal to 0.1% and 1%, respectively. Almost constant values
were registered for temperatures of 70-80°C (Figure 9(b)).

Considering the frequency dependency, an increment in
the preparation temperature from 20°C to 70°C resulted in a
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Figure 9. (a) Temperature dependence of storage modulus E’ of porcine septal cartilage and back skin. (b) Trend of shear storage modulus G of porcine liver

specimens as a function of preparation temperature.

10.4-, 94-, and 9.1-fold increase of the average value of the
storage modulus for 0.1 Hz, 1 Hz, and 10Hz, correspondingly.

6.4. Loss modulus

The loss modulus represents the viscous component of a
viscoelastic material, and it is related to the mechanical
energy dissipated as a result of deformation. It is denoted by
the symbol E” or G” in case of application of uniaxial or
shear forces, respectively, and measured in Pa.

Table 5 also shows the values of the loss modulus E” that
were attained from the measurements of Xu et al. on speci-
mens of porcine skin by means of DMA with a single canti-
lever bending testing mode [168]. Their trend is similar to
that of the storage modulus: they increased with tempera-
ture and with a heating rate of 2°C/min there was a relevant
increase as the temperature rose (Figure 10(a)).

Wex et al. measured, by shear rheology experiments, the
loss modulus G” trend as a function of preparation tempera-
ture in porcine liver specimens and obtained a similar behavior
to that of the storage modulus [114]. The loss modulus also

increased with increasing temperature, but less abruptly,
indeed, with respect to the value at room temperature (i.e.,
20°C) they recorded an increase of 52% at 45 °C (deformation
equal to 0.1%), whereas for a deformation equal to 1% an
increase of a factor 44% at 45°C with respect to room tem-
perature was assessed; moreover, they noted increases equal
to a factor of 7.8 (for deformation of 0.1%) and 7.6 (for
deformation of 1%), at 70°C (Figure 10(b)), which are less than
the ones observed for the storage modulus. Regarding the fre-
quency dependency, an increment of the preparation tempera-
ture from 20°C to 70°C showed a 9.9-, 84-, and 6.4-fold
increase of the average value of the loss modulus for 0.1 Hz,
1Hz, and 10Hz respectively. Therefore, the average value of
the loss modulus resulted lower than the storage modulus for
all the investigated preparation temperatures.

6.5. Complex modulus

The complex modulus is a complex number whose real part
represents the storage modulus, while the imaginary part
concerns the loss modulus. Consequently, the complex
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temperature.

modulus considers, in a load-unload cycle, both the stored
mechanical energy, determined by the elastic characteristic
of the material, and the energy dissipated due to the viscous
properties of the material. According to the nature of the
imposed forces, the complex modulus E*, for uniaxial forces,
or the shear complex modulus G*, for shear forces, can be
defined.

In the work by Kiss et al. [139], the frequency-dependent
complex modulus E* of ex vivo porcine and canine liver tis-
sue was studied by DMA techniques (dynamic mechanical
testing in compression) using two different modalities to
induce thermal injury: RFA and double immersion boiling
(DIB). In the first approach, tissue lesions were produced at
70°C, 80°C, and 90°C (treatment time of 10 min), by means
of a multi-prong electrode connected to the radiofrequency
generator. The lesions were then separated from the bulk tis-
sue, put in saline solution for a minimum time of 1h, and
placed in a refrigerator. The second method, named DIB, was
adopted due to the difficulty to obtain uniform ablations,
the complexity of the preparation, as well as the reduced
dimensions related to the samples, attained with RFA. This
second approach used a distilled water bath and a tempera-
ture controller to obtain the temperature increment in tissue
to a defined temperature value which was maintained for a
specific time (15 min), after which the samples were placed
in a second bath at room temperature (5min). Also in this
case, the cut samples were then placed in isotonic saline
solution. Periodic strains were applied to the samples
(0.1 Hz-50Hz, with 1% peak-to-peak amplitude), which
underwent a preload of compression to 1%. Prior to oscilla-
tions to each selected frequency, the strain level of 1.5% was
maintained for 5s. In this study all the measurements were
performed at room temperature, thus the complex modulus
was reported as a function of the preparation temperature
(Figure 11(a)). For canine liver tissues, the two trends
obtained with the two preparation methods were quite simi-
lar, indeed, both presented a local maximum at 70°C.
Regarding the samples of canine tissue treated with RFA, the
complex modulus presented a local maximum in

correspondence of a preparation temperature of 70°C. At
this temperature value, the attained absolute value of com-
plex modulus was around 18kPa at 0.1Hz, ~25kPa for the
frequency of 1Hz, and 35kPa at 10Hz a softening of the tis-
sue at 80°C was assessed, with a subsequent stiffening at
90°C. A similar trend was observed for canine tissue pre-
pared with double immersion boiling. Moreover, regarding
the magnitude of complex modulus at 70°C, values of
around 20kPa, 29kPa, and 41kPa were registered at 0.1 Hz,
1Hz, and 10Hz, accordingly. For porcine liver samples, an
absolute maximum was observed corresponding to a prepar-
ation temperature of 75°C. At this temperature, the absolute
values of the complex modulus were, for instance, around
15kPa, ~20kPa, and ~30kPa in case of 0.1Hz, 1Hz and
10Hz, respectively. After this temperature, the complex
modulus started decreasing, and differently from the canine
tissue, no further increase was observed except in case of
the frequency of 10 Hz which showed a small rise at 90 °C.
Wex et al. measured the complex shear modulus G* dur-
ing shear rheology experiments performed on healthy por-
cine liver tissue [114]. For a shear strain of 0.1%, the absolute
value of the complex shear modulus rose by 164% from the
room temperature to around 40°C, whilst in case of 1%
shear strain, an increase of 152% was assessed, in the same
temperature interval. The complex shear modulus at 70°C
was found to be around 9 times higher than its value at
room temperature. Regarding the frequency sweep tests, a
comparison with the results of Kiss et al. was performed by
converting the values of the absolute value of E*, attained
by Kiss et al, to absolute values of G* considering a
Poisson’s ratio of 0.5. A more progressive increment in the
complex shear modulus was observed by Wex and col-
leagues, within the 40-70°C temperature range, conversely,
as previously reported, Kiss et al. attained a marked increase
at around 70°C. Despite the general accordance of the
results, the main discrepancies could be ascribed to the dif-
ferent experimental protocols, sample preparation as well as
the anisotropy associated with the hepatic tissue, considering
the different performed tests: shear rheology experiments



0
—
w0
o

——#— Canine liver (0.1 Hz), RFA, Kiss et al.
«===#=== Canine liver (1 Hz), RFA, Kiss et al.
= #® —Canine liver (10 Hz), RFA, Kiss et al /
—©— Canine liver (0.1 Hz), DIB, Kiss et al. /
«===@-+ Canine liver (1 Hz), DIB, Kiss et al. /

= © = Canine liver (10 Hz), DIB, Kiss et al. /
~—&¢— Porcine liver (0.1 Hz), DIB, Kiss et al. / »
~-¥%-=- Porcine liver (1 Hz), DIB, Kiss et al. / ‘0
— % — Porcine liver (10 Hz), DIB, Kiss et al.

2] ~ @
o o o

o
o
~

n w &
o o o

Magnitude of complex modulus |E*| [kPa]

-
o

0 . . )
30 40 50 60 70 80 90

Temperature [°C]

INTERNATIONAL JOURNAL OF HYPERTHERMIA 329

Lo
-
o
=)

—=&— Porcine liver (f = 0.1 Hz), Wex et al.
-=-®-== Porcine liver (f = 1 Hz), Wex et al.
= @ = Porcine liver (f = 10 Hz), Wex et al.

©
=]

g
=]

Magnitude of complex modulus |G*| [kPa]

-20 0 20 40 60 80
Temperature [°C]
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(DIB) as a function of preparation temperature. (b) Magnitude of complex shear modulus (|G*|) of porcine liver versus preparation temperature.

(Wex et al.), while tests in compression, normal to the speci-
men surface (in case of Kiss et al.). Overall, the results of Wex
et al. showed that mechanical properties were influenced by
temperature above the body temperature. Specifically,
exceeding 40°C, major variations in the collagen matrix led
to changes in the mechanical properties of hepatic tissue
(Figure 11(b)).

6.6. Loss factor

The loss factor (tand) represents the ratio of dissipated to
stored mechanical energy and provides the tangent of the
phase shift between stress and strain in a viscoelastic mater-
ial. It is given by the ratio between loss modulus and storage
modulus.

Xu et al. [168] evaluated the loss factor (tand = E”/E’) as a
function of temperature for porcine skin specimens up to
80°C. The loss factor was almost insensitive to temperature
variation and remained approximately constant at a value of
~0.2, thus the damping and viscous properties of the por-
cine skin tissue samples seemed not to be particularly influ-
enced by the temperature variation (Figure 12(a)).

Furthermore, Kiss et al. [139], as mentioned in the previ-
ous paragraph on the investigations concerning the complex
modulus, analyzed canine and porcine liver using two differ-
ent techniques for lesion preparation, i.e., RFA and DIB. As
regards the samples undergoing RFA, at 80°C the canine tis-
sue was characterized by loss factor values (tané = E"/E’) of
03 and 055 at 0.1Hz and 10Hz respectively, hence
denoting the most marked viscoelastic response, while
lower values of loss factor were registered at preparation
temperatures <80°C (Figure 12(a)). Conversely, for the
canine samples subjected to DIB, most of the values of loss
factor ranged between 0.3 and 0.4. Finally, for DIB-induced
thermal lesions in porcine samples, the loss factor ranged
0.275-0.55.

In Table 5, the loss factor values (tané = G”/G’) measured
by Wex et al. [114] are reported. The loss factor in porcine

liver samples slowly decreased as preparation temperature
rose >20°C, thus samples at room temperature appeared
slightly more viscous than heated specimens. Particularly, the
loss factor subsided with increasing temperature for shear
deformations of 0.04-5%. Regarding the frequency depend-
ence, the loss factor was in the range 0.2-0.35. The average
value of the loss factor was higher at room temperature com-
pared to the temperature of —20°C and temperature >20°C.
Moreover, it showed similar trends for 0.1 Hz and 1 Hz, while
higher values were registered for 10 Hz (Figure 12(b)).

6.7. Stiffness

The stiffness of a loaded structure is defined as the ratio
between the applied load and the subsequent deformation;
it is measured in N/mm and it represents an indication of
how much load is required to attain a certain deformation
[170,172].

Stiffness is the geometric property of the sample, and it is
related to other mechanical properties. For instance, the
Young’s modulus E, which is the material property, is directly
proportional to the sample stiffness [172]. Within the elastic
region (i.e., where the relationship between strain and stress
is linear), the axial stiffness of a longitudinal structure can be
calculated as:

E-A
axial stiffness = T (15)

0
being A the cross-sectional area and L, the initial length.
Wex et al. studied, through specific ex vivo indentation
tests, how stiffness varies as a function of temperature in
swine livers [98]. The experimental setup included a force
transducer, a robotic arm, the indenter, and whole porcine
livers. The utilization of the whole organs was intended to
reduce to the minimum the variations in boundary condi-
tions. To study the temperature dependence of the tissue
properties, a buffer solution was used to increase the tem-
perature of the organs to 40°C, 50°C, 60°C, 70°C, 80°C, or
90°C, the indentation tests were then performed at room
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Figure 12. (a) Loss factor (tand = E"’/E’) of porcine back skin versus temperature, and tand of porcine and canine liver samples prepared with radiofrequency abla-
tion (RFA) or double immersion boiling (DIB) as a function of preparation temperature. (b) Loss factor (tand = G”/G’) of porcine liver versus preparation

temperature.

temperature (flat-punch indentation, constant velocity of
2mm/s). Between 20°C and 50 °C, the results showed no sig-
nificant differences in the mean stiffness value, which, as
reported in Table 5, was in the range of 0.25-0.29 N/mm. On
the contrary, with increasing temperature (>60°C), a signifi-
cant increase in the stiffness of porcine liver was measured,
with mean values of 0.77 N/mm, 1.24 N/mm, and 1.17 N/mm,
at 70°C, 80°C, and 90 °C, respectively.

In the work by Bass et al. [169], the instantaneous elastic
stiffness was analyzed in lumbar spine porcine ligaments. A
temperature-controlled bath was used to increment the tis-
sue temperature at the initial temperature value of the tests
(i.e., 37.8°C). Experiments were performed in an environmen-
tal chamber at set temperatures of 37.8°C, 29.4°C, 21.1°C,
12.8°C, and 4.4°C. The ligaments were maintained hydrated
during the tests; the specimens were subjected to precondi-
tioning (20% strain fast ramp and hold), a 20% strain fast
ramp and hold, and oscillatory tests (20% oscillatory strain).
An increase in stiffness was observed with decreasing tem-
perature; particularly, considering an average stiffness value

of 216 N/mm at 37.8°C, the stiffness rose by 100% at 4.4°C
(i.e., 434 N/mm).

7. Blood perfusion and metabolic heat

Blood perfusion and metabolic heat have an impact on heat
diffusion and temperature distribution within biological tis-
sues. Hence, their possible variation as a function of tem-
perature could in turn influence the final therapeutic
outcome of thermal treatments [173].

Investigations have shown that with decreasing tempera-
ture, i.e.,, from body temperature to 0°C, the metabolic rate
subsides, showing at 0°C values 12-13 times lower than at
37°C [174]. Considering the metabolic heat [W/m3], it was
found to depend on the local tissue temperature [175].
Indeed, upon heating, during thermal treatments, cells
require a higher amount of energy to guarantee, for
instance, ion gradients across cell membranes and preserve
structural properties. Enhanced rates of metabolic reactions



have been assessed with increasing temperatures, particu-
larly depending on the temperature sensitivity of kinetics of
enzymatic reactions. Incremented turnover rates of fatty
acids and glucose, as well as effects on the citrated cycle
have been observed upon delivery of the thermal dose. All
these elements may play a role to the microenvironmental
conditions, hence to the final result of the hyperthermic pro-
cedures [176,177].

Another fundamental factor affecting the thermal out-
come during hyperthermia treatments concerns the blood
flow in perfused tissues. Blood perfusion refers to the pas-
sage of a certain blood volume through vessels embedded
in biological tissues, in order to provide oxygen and deliver
important nutrients to tissues, as well as remove waste sub-
stances [178]. The blood flow can be expressed as the vol-
ume of blood, which is forced to flow within a tissue, per
tissue mass per unit of time [179], i.e, mL/100g/min.
Moreover, knowing the tissue density, the blood perfusion
rate (i.e., the volumetric rate per unit tissue volume, often
expressed in 1/s [180]) can be attained as the product of
blood flow and the tissue density [181]. The blood flow has
been investigated at both normothermic conditions and at
temperatures that do not lie in the physiological range, by
imposing a temperature variation to biological media
through different methods. Likewise, the temperature sensi-
tivity of the blood perfusion has been assessed in different
tissues; preclinical studies on healthy tissues and on tumor
models have been set, as well as evaluations on blood flow
upon temperature changes during clinical trials.

In the experimental work performed by Xu and colleagues
[182], the blood perfusion of canine prostate tissues sub-
jected to transurethral microwave treatments was assessed
by means of pulse-decay self-heated thermistors. The
attained values of steady-state blood perfusion rate over
temperature (from ~34.5°C to around 43°C) showed an
approximately linear trend.

Akyurekli et al. [183] investigated the impact of regional
microwave hyperthermia (915 MHz, target temperature equal
to 44.5°C) on the blood flow of normal porcine skeletal
muscle (21 animals underwent the hyperthermic procedure
and 11 were selected as controls). The radioactive micro-
sphere reference sample technique was employed to meas-
ure the blood flow. While the anesthesia and the
thermocouples positioning did not significantly affect the
blood flow distribution, the thermal treatment led to a non-
uniformly spatially distributed blood flow. Dependence of
temperature distribution was assessed, and an increased
blood flow was registered in correspondence of more ele-
vated tissue temperatures and close to the applicator.
Particularly, heating for 15-30 min resulted in a mean four-
fold increase in the blood flow. Thereafter the hematic flow
progressively subsided. Interestingly, the outcomes of this
study show that the variation of blood flow upon heating is
essentially a local phenomenon, which does not arise from
significant systemic flow changes.

Song et al. [184-189] measured the blood flow between
42°C and 45°C, for a heating time of 120 min, in Sprague
Dawley (SD) rat skin of the leg and muscle tissues by means
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of the radioactive microsphere method. The temperature
change was induced through a water bath. Prior to the heat-
ing process, the measured blood flow was 7.1 ml/100 g/min
and 4.6 ml/100 g/min for skin and muscle tissue, correspond-
ingly. Incrementing the tissue temperatures at 42°C and
43°C, resulted in a gradually increasing trend that persisted
during the 120 min of treatment, for both skin and muscle
(Figure 13(a) (A) and (B)). In case of heating at 44°C (Figure
13(a) (Q)), the blood flow of skin rose until it reached a value
~12.5-fold higher than the baseline value, after 30 min; after-
ward, a decrease of blood flow was assessed. Regarding the
muscle, at this temperature, in the first 60 min, the blood
perfusion rose up to 25.0mL/100g/min. In the following
hour, no significant reduction in blood flow was observed.
Concerning the temperature increment at 45°C, substantial
blood flow increases were obtained in both tissues (Figure
13(a) (D)). Specifically, blood flow was around 14.2 times
higher than the baseline value (after 15 min) for the skin and
7.9 times higher (after 30 min heating) for the muscle tissue.
After these time points, blood perfusion started diminishing.

In the study performed Sekins et al. [190], the variation of
the blood flow upon temperature changes was measured in
human thigh muscles (15 subjects) by correlating the radio-
active washout of administered Xenon133 with the local per-
fusion rate. The temperature increment was assured by
microwave diathermy treatments exerted in a contact modal-
ity at 915 MHz. The blood flow in human muscle tissue main-
tained its nominal value until a temperature, defined as
critical (~42°C), was reached. At higher temperatures, the
blood perfusion value underwent a fast rise compared to the
baseline value.

As far as regards the investigation of blood perfusion in
cancerous tissues, Eddy et al. [191] studied the effect of
hyperthermal temperature on the microvasculature of squa-
mous cell carcinoma grown in the cheek pouch chamber of
the hamster. Heating the tumor at 41°C for 3-7 min caused
a minimal pathological alteration, described with the reduc-
tion in vessel caliber and blood circulation through the
tumor. When the tumor temperature was reduced to pre-
heating levels the tumor bed dilated within 2-3min, and
blood circulation increased. After 3 min at 43°C, a moderate
reduction in tumor vessel caliber and blood circulation was
observed, and for longer exposition, occasional thromboses,
and persistent hyperemia occurred. At 45°C, severe effects
like compression and occlusion of vessels, hemorrhage, and
thrombosis were observed, leading to a complete shutdown
of circulation characterizing coagulation necrosis.

The impact of microwave heating on microcirculation was
studied by Shrivastav et al. on Wistar/Furth (W/Fu) rats [192].
The investigation regarded both healthy and tumorous (SMT-
2A mammary adenocarcinoma grown on the right soleus
muscle) tissues. The microwave treatment was exerted in a
direct contact modality (frequency of 915MHz), and the
blood flow was monitored using ''*Sn-labeled microspheres.
At 39°C, no significant variation from the baseline values
was observed in the perfusion of both healthy and tumor tis-
sues. Differently, for a temperature increment to 42°C, the
tumor blood flow subsided after 10 min and subsequently
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reverted to its initial value, after 45min of heating.
Conversely, in the healthy skeletal muscle tissue surrounding
the tumor, this marked decrement in blood flow was not
registered, and significant vasodilatation occurred after
45 min-heating. Concerning heating at a temperature of
44°C, the value of the tumor blood flow was diminished
after 3min (vasoconstriction), however, subsequent vasodila-
tation was assessed at 10 min. Moreover, post 45 min heating
at 44°C, the tumor blood perfusion resulted 1.3-fold higher
than the baseline value. Regarding the healthy tissue, after
45 min of heating at 44°C, the measured blood flow was 3.2
times higher than the control value. Despite this higher
enhancement upon heating, the blood flow in healthy tissue
was never significantly higher compared to the cancer tissue.

The comparison between the blood flow at 42°C, 43°C,
44°C, and 45°C in healthy and cancer tissues in rats is
shown in Figure 13(a,b). Particularly, concerning the normal
tissue, the blood flows of muscle and skin tissues of SD rats
studied by Song et al. [184-189], as well as the one charac-
terizing the tumor surrounding musculature in W/Fu rats are
presented, along with the blood flow of SMT-2A mammary
adenocarcinoma, measured by Shrivastav et al. [192] and
previously described.

With regard to tumor tissues, Song et al. also measured
the blood flow in Walker carcinoma 256 in SD rats by expos-
ing the tissue to temperatures of 45°C and 43°C [184-189].
In small (i.e, <0.59g) tumors, imposing a temperature of
45°C led to a weak rise in the perfusion value. Conversely, a
significant decrease was observed, after 180min from the
end of the heat exposure, in bigger tumors that previously
underwent a heating process conducted at 45°C for 60 min.
In contrast, a temperature elevation to 43 °C (60 min) did not
induce substantial variations in blood flow.

Concerning clinical trials, Lagendijk and colleagues pre-
sented an in-depth analysis of the perfusion contribution
given by the large and medium-sized vessels and by small
vessels and discussed the accuracy of the bioheat equation-
based approach for the estimation of the blood perfusion in
tumors undergoing hyperthermal treatments [193]. Trials on
23 patients with breast cancer treated with MWA showed
that perfusion did not change with temperature (measured
at different tumor locations) and treatment time during the
stationary part of a single treatment session. Compared to
the power delivered in a non-vascularized tissue phantom, a
10 times higher power was needed to maintain the thera-
peutic temperatures (42-44°C) in in vivo breast tissues. No
relationship between the minimum tumor perfusion and vol-
ume was found. This last result was in disagreement with
previous studies on small animal models and theoretical
dependency between perfusion and tumor volume.

Moreover, Waterman et al. studied the effects of hyper-
thermal temperature on blood flow rate in human tumors
[194]. Blood flow was determined by using the bioheat equa-
tion, from temperature measured in microwave-heated
superficial tumors. The tumor blood flow resulted to be inde-
pendent of temperature in the range of 40-44°C. The mean
blood flow rate increased 10-15% after 15-30 min of hyper-
thermia. According to a few data, a temperature above 44°C

caused a reduction of the blood flow. The results of this
study were in general agreement with those obtained previ-
ously in human tumors by the laser doppler techniques and
thermal clearance method.

Some studies investigated the blood perfusion response
at a temperature above 45°C. Brown et al. [195] analyzed
the changes in microcirculatory function caused by heat, KHT
tumor, and muscle of mice leg. The clearance rate of the
radioactive solution injected into the tissues was considered
as an indicator of the vascular integrity, in the range
42-46°C. Whereas until 45°C the clearance rate of the
muscle increased after a certain time at that temperature
(~5min) and then decreased, at 46°C the clearance rate
started to decrease immediately after the application of the
heat, for both tumor and muscle.

Lyons et al. [196] assessed the perfusion in normal canine
brain undergoing MWA, at steady-state temperatures from
42°C to 49°C and found an increasing amount of perfusion
in these conditions.

Van Vulpen and colleagues assessed the prostate perfusion
in patients with locally advanced prostate carcinoma, before
and after regional and interstitial hyperthermia, until 53°C,
reporting an increase of perfusion in the treated area. Their
method was based on fitting the measured tissue tempera-
ture trends at the steady-state and during the cooling [197].

As it can be inferred from the experimental evaluations
available in the literature, blood perfusion exhibits variabilities
according to different factors, e.g., the kind of tumor, the
stage of advancement, its dimensions, its vascular pattern, the
investigated model (patients vs animals). Furthermore, upon
heating, appreciable differences between non-cancerous and
tumorous tissues blood flow exist, with a tendency of healthy
tissue to dissipate heat more efficiently in comparison to
tumors, owing to an enhanced blood flow compared to the
baseline value during hyperthermia [184,198].

8. Discussion

Among all the analyzed macro-categories concerning the tem-
perature dependence of biological tissue properties, the
results related to thermophysical properties appeared compar-
able in terms of trends, even though specific differences
ascribable to tissue type and experimental conditions must be
taken into account. Several articles dealt with the study of the
same thermophysical properties, likewise, different properties
were investigated using a unique measurement system.
Moreover, different properties were measured for each treated
tissue, thus making a more complete characterization possible.

On the other hand, as far as the temperature sensitivity of
mechanical properties is concerned, the information
obtained is more heterogeneous from both points of view:
in fact, we found a larger number of properties, measured
by different experimental methods. Considering the number
of articles analyzed, almost equal for thermophysical proper-
ties and mechanical properties, it is possible to deduce the
difficulty in characterizing in depth a tissue and its behavior
from the point of view of mechanical properties, since
approximately the same number of articles dealt with a
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Figure 13. (a) Trend of blood flow versus heating time for different tissues, i.e., muscle, skin, and tumor at diverse hyperthermic temperatures: (A) 42 °C, (B) 43 °C,
(C) 44°C, (D) 45°C. (b) Graphical representation combining the blood flow of muscle, skin, and tumor tissues as a function of heating time for all the above-men-

tioned temperatures, in the 42 °C-45°C range.

greater number of properties. On the other hand, the major
complexity that can be found when analyzing the articles on
thermophysical properties is to critically compare the results
for the same property, since these were obtained also using
different measurement techniques.

Another appreciable difference between thermophysical
and mechanical properties is that in the former, in addition
to measuring the thermophysical properties in relation to
the increase in temperature, experimental tests were carried
out also to evaluate the variation of these properties during
cooling cycles. This typically does not happen, instead, for
mechanical properties.

Finally, concerning blood perfusion and metabolic heat,
we found a reduced number of articles dealing with the
comprehensive characterization of these aspects as a func-
tion of temperature variation, especially on the temperature
dependence of metabolic heat.

With regard to the different kinds of tissues analyzed, liver
tissue resulted as one of the most characterized. This is in
accordance with the necessity to study the physical behavior
of hepatic tissue due to the burden of liver tumor [199,200]
and other pathologies affecting this organ, and the advance-
ments and positive results of thermal techniques toward its
effective treatment [201,202].

8.1. Thermophysical properties

Most of the studies available to date, in the literature, on the
temperature dependence of thermophysical properties have

been performed at temperatures between ambient (around
23°C) and ~90-95°C. This range includes many of the tem-
peratures of interest for the development of thermal thera-
pies, however, it excludes measurements around 100°C, as
evaporation and boiling of the water contained in the tissues
would make the degree of uncertainty of the measurements
too high, compromising their reliability. In fact, as observed
in the study by Lopresto et al. [125], at around 100°C there
are significant variations in thermophysical properties, not so
much related to the intrinsic characteristics of the specific tis-
sue but mostly determined by the change of state of the
water contained in it, hence in this study, the measurements
between 99°C and 101°C were discarded from the analysis.
The thermophysical properties of soft tissues appear rather
constant until approximately 90°C. Beyond this temperature,
the properties exhibit a steep increase until around 100°C,
and a few studies have reported the values for temperature
higher than 100°C, in which thermal properties assume
decreasing values. Regarding the tissues considered in the
different experimental works, we noticed that, as above men-
tioned, particular attention was paid to the liver, which has
been studied by multiple researchers. This allowed us to
compare the results obtained by different authors, in relation
to the temperature ranges under investigation, the measure-
ment techniques employed, or the nature of the sample
used. For example, we have noted that at temperatures
between 30°C and 70°C, the thermal conductivity of the
liver assumes typical values in the range of 0.5W/(m-K),
although different trends are recorded as the temperature
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varies. In addition, in several studies, the tissue was sub-
jected to a subsequent cooling after the heating process to
investigate the possible presence of irreversible effects
caused by the previous temperature increase. These effects
can be traced to changes in the organic structure of the tis-
sue and protein denaturation. Irreversible effects were
observed in liver tissue and collagen. The kidney, on the
other hand, despite being subjected to rather high tempera-
tures during heating (up to 95°C), did not undergo irrevers-
ible changes. In fact, it could be observed that the
thermophysical properties measured during cooling followed
the trend described during the heating process.

Regarding the measurement techniques used to analyze
thermophysical properties in biological tissues, we have
noticed that some of them are particularly recurrent. These
techniques are the DSC, implemented to investigate the
specific heat, the self-heated thermistor technique used to
measure thermal conductivity and diffusivity, and finally, the
dual-needle technique used to analyze thermal conductivity,
volumetric heat capacity, and thermal diffusivity.

Concerning the measurement of specific heat, it is import-
ant to point out that not all the heat supplied to biological
tissue results in an increase in temperature since part of it is
involved in endothermic reactions of denaturation of pro-
teins present in the tissue. In studies using DSC to measure
the specific heat, it is possible to observe that the trends
present a maximum peak at protein denaturation tempera-
tures (around 60°C). In fact, due to the endothermic reac-
tions of protein denaturation, the biological tissue requires a
greater amount of heat to increase its temperature by 1°C,
i.e., it is characterized by a higher specific heat. For this rea-
son, Choi et al. [156] decided to define the specific heat
measured by DSC as ‘apparent specific heat’ in their discus-
sion. In this regard, Watanabe et al. [157], in addition to DSC,
used MDSC, since the latter allowed to eliminate the effect
of endothermic reactions on specific heat measurements.

Regarding the dual-needle technique and the self-heated
thermistor technique, it is possible to identify some peculiar-
ities and differences between them. For example, both
involve the use of a thermal bath to impose on the sample
the temperatures of interest at which to carry out the meas-
urements, but what most distinguishes them is the type of
probe used for measurements. In the first technique, a probe
with two needles is used: the first needle provides thermal
energy to the tissue, the second one allows to perform
measurements. In the second technique, instead, there is a
probe, equipped with a single thermistor, which performs
both functions. Taking into consideration more recent
articles, we have noticed a tendency to prefer the dual nee-
dle technique [62,125-127]. In fact, as previously described,
the latter offers the opportunity to fully characterize the tis-
sue, allowing the measurement of thermophysical properties
of interest such as thermal conductivity and diffusivity, as
well as volumetric heat capacity.

Overall, the slight differences associated with the different
tissue characteristics and measurement methods can be
ascribed to several factors. The measurement technique can
impact the measurement accuracy and the models used to

represent the temperature-dependent trends of the parame-
ters. Moreover, the potential effect of the intraspecies vari-
ability on the thermal property values should be considered,
as reported by Valvano et colleagues [121], and a compari-
son of the thermal properties recovered from the same tis-
sue but for different species [62] may provide a more
detailed overview of the tissue thermal property behavior.
Figure 5(a) shows a considerable difference also between
soft and hard tissues (such as bone), which is ascribable to
the diverse water content [122].

8.2. Mechanical properties

Regarding the results inherent to the mechanical properties,
the information found is rather heterogeneous, since the
articles deal with different tissues and properties.
Considering the heterogeneity of the results obtained, it is
difficult to create straightforward comparisons and parallels
between studies dealing with the same property in the same
tissue. In fact, in the literature, there are several articles
regarding the mechanical properties, but only a restricted
number investigated mechanical properties as a function of
temperature, although their temperature dependence plays a
pivotal role. In general, temperatures higher than 45°C
severely damage the proteins and collagen matrix within the
biological tissue, thus resulting in the alteration of the bio-
mechanical properties. The range between 0°C and 90°C is
of interest, as these are the temperatures mainly investigated
in the literature and it is precisely this range in which the
predictive mathematical models for the use of thermal thera-
pies are developed. Within this range of temperatures, we
have identified some temperature values that are particularly
significant for thermal therapies. Indeed, as pointed out by
Liu et al. [141], after 42°C it is possible to identify a consider-
able variation in the trend of the shear modulus of the brain,
which between 20°C and 37°C assumes a decreasing trend
and after 42°C, instead, increases with increasing tempera-
ture. It is therefore possible to determine a relationship
between the variation of the shear modulus trend and pro-
tein denaturation, which occurs precisely between 42°C and
67°C. As studied by Xu et al. [168], the variation of elastic
properties of the skin also depends on the denaturation of
some proteins. Among these, collagen, whose denaturation
occurs at around 66.8°C, assumes a fundamental role as it is
the main responsible for the variation of elastic properties.
As highlighted in the same study, the variation of elastic
properties of the skin is also influenced by the effects of
dehydration, which occurs during the heating process. A
large number of properties are also addressed in the ana-
lyzed articles, using different experimental methods to meas-
ure their variations.

One experimental technique of particular importance is
shear wave elastography, described in detail in Section 4.2.3.
It has been used, for instance, to measure shear modulus in
the brain and, as described by Liu et al. [141], it has three
main advantages over previously used methods. First, the
measurements can be performed by immersing the samples
in physiological saline, which allows a more realistic



reproduction of the actual in vivo conditions. Another advan-
tage is the possibility to perform the measurements in a
nondestructive manner and, finally, the temperature can be
precisely controlled with thermocouples. Another promising
technique for future developments is phase-sensitive optical
coherence elastography. The latter allows measuring the
speed of propagation of elastic waves in the analyzed tis-
sues, which have been previously excited by air pulses. This
speed is then used to calculate Young’'s modulus of the tis-
sues studied. Using this technique, it is possible to monitor
changes in elastic properties in cartilage and different tumor
types during heating processes. The advantages, described
by Liu et al. [165], are numerous, such as high sensitivity, but
the factor that makes this method of particular interest is
that it seems applicable also for in vivo measurements.
Indeed, since it allows monitoring, noninvasively, of changes
in elastic properties throughout the heating process used in
cartilage remodeling, its potential application in clinical use
is desirable.

Summarizing the behavior of most of the tissue’s mechan-
ical properties, a significant increase of their values with tem-
perature is observable. For instance, after thermal treatment
at 60-80 °C, the stiffness of the thermal lesions is four to ten-
times higher than normal liver tissue [96,203,204], and its
complex shear modulus is approximately nine-fold [114].

8.3. Blood perfusion and metabolic heat

In several works, evaluating the variation of blood perfusion
and metabolic heat, their values are reported at fixed tem-
peratures, showing the trend as a function of time.
Moreover, the variation in blood perfusion is typically experi-
mentally investigated in the temperature range between
around 41°C and 45°C. In general, a significant increase of
perfusion is observed when the tissue is heated from the
body temperature to 44-45°C [184-189], whereas, beyond
45°C, the blood flow is reduced. However, these values
strongly depend upon the nature of the tissue and tumor,
the size of the tumor, the model under study and the experi-
mental conditions.

Besides, different studies on these topics concern the vari-
ation of temperature in correspondence of blood flow
changes, especially from a computational point of view. We
believe that since blood perfusion and metabolic heat are
two aspects of fundamental importance for the diffusion and
distribution of heat, the effective preprocedural planning of
thermal techniques and their overall outcome would benefit
from further investigations on these phenomena, especially
as a function of temperature, in order to develop increas-
ingly reliable predictive mathematical models. Furthermore,
the assessment of the temperature dependence of perfusion
and metabolic heat in a wide range of temperatures, includ-
ing both the typical hyperthermia and ablative temperatures
(i.e., around 41°C to >100°C) would provide further insights
for the characterization of tissue behavior during thermal
procedures.
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9. Conclusions

This systematic research allowed us to investigate the vari-
ation of thermophysical and mechanical properties, blood
perfusion, and metabolic heat of biological tissues of interest,
as a function of temperature. The collection of this informa-
tion is of particular importance for the development of pre-
dictive mathematical models that permit to plan thermal
therapies, aiming at a safer and effective removal of malig-
nant masses. We, therefore, gathered useful information by
searching Scopus and PubMed for articles that addressed the
mentioned topics. This allowed us to analyze the evolution
of the scientific literature from the late 60s until today. In
particular, the first investigations concerning the temperature
dependence of biological tissue properties date back to 1968
for mechanical properties and 1985 for thermophysical prop-
erties. The number of published studies has rapidly increased
since the early 2000s, coinciding with the growing interest in
thermal therapies and the development of the latter for
tumor ablation. One of the most thoroughly characterized
biological tissues, from the thermomechanical viewpoint, is
the liver; several studies were found also for the cartilage. In
contrast, for other tissues, such as brain, skin, bone, breast,
kidney, spleen, lung, and pancreas tissue, only a partial char-
acterization was assessed. Therefore, additional experimental
trials regarding the temperature dependence of the thermo-
physical, mechanical properties, as well as blood perfusion,
and metabolic heat of both healthy and cancerous tissues
are required as they are involved in heat diffusion within bio-
logical tissues and affect the final thermal outcome and
degree of tissue injury.

Furthermore, since thermal therapies induce temperature
variations in the treated tissues, it is essential to know how
these mechanisms, varying with temperature, affect their
efficacy.

It is important to underline the almost total lack of studies
carried out in vivo, a condition that would allow considering
the possible effects determined by the environment and
physiological factors. For this reason, future developments
should be oriented toward the effective measurement of
these properties in conditions that well mimic the physio-
logical or pathophysiological environment typical of the tis-
sue subjected to the thermal treatment.
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